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 Abstract 
 
Neurons in layer 6 (L6) of primary sensory cortices form the largest source of excitatory 
synapses to two important structures involved in primary sensory computation: the thalamic 
nuclei that relay sensory information from the periphery to the cortex, and L4 of cortex, 
which receives the bulk of the thalamocortical projection. L6 is therefore potentially able to 
profoundly influence sensory perception. However, not much is known in this lamina about 
the cell types, their networks, or their effect on target structures. 
Two types of pyramidal neurons have been described in L6 of the rat barrel cortex, one 
providing the projection to the thalamus (corticothalamic, or CT), and another innervating 
distant cortical regions and having no subcortical projection (corticocortical, or CC). In this 
work I labelled the CT neurons of L6 in vivo and carried out whole-cell patch clamp 
recordings in brain slices from the labelled and neighbouring unlabelled neurons. 
CT cells were medium sized pyramidal neurons with somata located in the upper part of 
L6, their apical dendrites and axon collaterals rising through cortex to terminate in L4. CC 
neurons, defined by the presence of wide axon collateral extensions within the infragranular 
laminae and an absence of a sub-cortical projection, were similarly sized pyramidal cells 
located alongside the CT neurons. Based on the morphology of their axons two classes of 
inhibitory cells could also be differentiated: one type with axon restricted mainly to the 
infragranular laminae (L6iL6), and another with axons ascending to innervate regions of the 
granular and supragranular layers (L6iL4). The biophysical and spiking properties of these 
four cell types in L6 also differ, suggesting specific functional roles for each. 
Simultaneous paired-cell recordings revealed the existence of almost all combinations of 
synaptic connections between the four cell types, except for connections between inhibitory 
neurons, which were not investigated in detail. No evidence for specific connectivity between 
cell types was encountered. The identity of the post-synaptic neuron was seen to determine 
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the properties of connections between excitatory and inhibitory cells (E!I and I!E). 
Properties of E!E connections were determined by the type of pre-synaptic neuron, 
depending on whether located in L4 or in L6 (L4e!L6e vs. L6e!L6e); data was insufficient 
to examine differences between L6e!L6e connections formed by CT versus CC neurons. 
This thesis therefore describes the morphological and biophysical properties of individual 
neurons in L6 and the properties of the synapses that link them. Physiologically and 
morphologically distinct neuronal types mediate the activity of L6 on its cortical and 
subcortical target structures. The effect of this activity must be understood in the context of 
the network within L6, the rules and properties of which have been elaborated here. 
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Zusammenfassung 
 
Neurone in der sechsten kortikalen Lamina (L6) sensorischer Areale bilden den grössten 
Input zu zwei wichtigen Strukturen verantwortlich für die Verarbeitung sensorischer Signale: 
die Nuclei des Thalamus die sensorische Signale weiterleiten und die vierte kortikale Lamina 
(L4), die diese Thalamo-Kortikalen Projektionen empfängt. L6 ist deshalb in der Position 
signifikanten Einfluss auf die sensorische Verarbeitung zu nehmen. Trotzdem weiss man sehr 
wenig über die verschiedenen Zelltypen und Netzwerke in L6, oder ihren Einfluss auf ihre 
Projektionsziele.  
Zwei Typen von Pyramidalzellen im Barrel Kortex des Rattes sind anno dato beschrieben 
worden, der erste Typ projiziert zum Thalamus (Kortiko-Thalamisch, oder CT), der zweite 
innerviert entfernte kortikale Regionen und projiziert nicht zum Thalamus (Kortiko-Kortikal, 
oder CC). In dieser Arbeit haben wir spezifisch CT Zellen in vivo gefärbt und Whole-cell 
patch clamp Aufnahmen wurden von CT und benachbarten ungefärbten Zellen in 
Hirnschnitten gemacht. 
CT Zellen sind mittelgrosse Pyramidalzellen im oberen Teil der L6 mit apikalen Dendriten 
und axonalen Verästelungen die bis zur L4 reichen. CC Neurone wurden identifiziert auf 
Grund vieler und breiter infragranularer Verästelungen und das Fehlen einer subkortikalen 
Projektion. Aufgrund der Morphologie des Axons kann man auch inhibitorische Zellen in 
zwei Klassen einteilen. Der erste Zelltyp hat Axone, die beschränkt sind auf die 
infragranularen Laminae (L6iL6), der zweite hat Axone, die in die granularen und 
supragranularen Laminae projizieren (L6iL4). Die Physiologischen Eigenschaften dieser 
Zelltypen unterscheiden sich stark. Diese Unterschiede suggerieren spezifische funktionale 
Rollen für jeden der vier Zelltypen. 
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Um die Eigenschaften der synaptischen Konnektivität zwischen den verschiedenen 
identifizierten Zelltypen zu untersuchen, haben wir jeweils von zwei Neuronen gleichzeitig 
aufgenommen. Fast alle der möglichen synaptischen Verbindungen zwischen den vier 
Zelltypen in L6 wurden gefunden; Verbindungen zwischen inhibitorischen Neuronen wurden 
nicht untersucht. Wir haben keinen Hinweis auf spezifische Konnektivität zwischen den 
verschiedenen Zelltypen gefunden. Die Eigenschaften von Synapsen zwischen 
excitatorischen und inhibitorischen Zellen (E!I und I!E) werden vom postsynaptischen 
Zelltyp bestimmt. E!E Verbindungen wurden gefunden zwischen L6 Zellen und zwischen 
präsynaptischen L4e und postsynaptischen L6 Zellen; die Eigenschaften dieser Synapsen sind 
durch den präsynaptischen Zelltypen bestimmt, abhängig davon ob sich diese in L4 oder L6 
befindet (L4e!L6e vs. L6e!L6e). Die Daten waren nicht hinreichend um Unterschiede 
zwischen L6e!L6e Verbindungen von CT und CC zu analysieren. 
Diese Arbeit beschreibt die morphologischen und biophysikalischen Eigenschaften der 
verschiedenen Zelltypen in L6 und die Eigenschaften der Synapsen, die diese untereinander 
verbinden. Der Einfluss von Aktivität in L6 auf seine Zielstrukturen, sei dies L4, die 
thalamischen Nuclei, oder der sekundäre somatosensorische oder motorische Kortex, muss 
im Kontext des Netwerkes innerhalb der L6 verstanden werden, dessen 
Konnektivitätseigenschaften hier erläutert wurden. 
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Ich wollte, meine Lieder 
Das wären Erbsen klein: 
Ich kocht ein Erbsensuppe, 
Die sollte köstlich sein. 
Heinrich Heine 
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1. Introduction and review 
 
Neuroscience views the brain as a computing device. Like modern, man-made computing 
devices, the brain consists of an underlying circuitry that is the basis of its functioning. The 
understanding of this circuitry is one of the key steps in understanding the brain. Other 
approaches to understanding the brain do exist, and are often attractive, considering the 
complexity of the task of elaborating the aforementioned circuit; this thesis takes on this 
complexity. 
This complexity of the task of understanding cortical circuits arises due to three main 
reasons, the first of which is the sheer numbers of the component elements. There are an 
estimated 10
5
 neurons/mm
3
 in the grey matter, each one contacting about 10
4
 other neurons, 
resulting in ~10
9
 synapses/mm
3
. Furthermore, each synapse is capable of modification in its 
strength and dynamics, all lending to a potentially enormous variety in circuit organisation. 
Secondly, most of the neurons, and almost all the synapses, are inaccessible to 
neuroscientists, with complicated structures that are not easily visualised or measured from; a 
lot of measures of brain function are therefore indirect estimates of ongoing activity. The 
third reason, arguably the most challenging, is the diversity of levels at which brains are 
organised (and studied), from microscopic, subcellular structures to large-scale architectures 
and behaviourally observable results. There are challenges, both technical and philosophical, 
at each level, and a holistic theory of brain function still eludes us (for a review on cortical 
organisation, see Churchland and Sejnowski, 1992). 
This study is restricted to the cellular level and attempts to understand the organisation and 
functioning of a small cortical network, specifically that in layer 6 of the rat barrel cortex. 
The ‘barrel’ subfield of the primary somatosensory cortex in rodents is the first cortical 
region involved in processing sensory information arising from the whiskers on the snout of 
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the animal (Woolsey and Van der Loos, 1970; Armstrong-James et al., 1992). Understanding 
the structure and function of this network would accompany an understanding of how sensory 
information is processed by the brain. Cells in the sixth, and bottommost layer of the cortex 
form a key element of this processing. They form the largest source of excitation to both, the 
thalamic nuclei that relay sensory information to cortex (Eri"ir et al., 1997; Rouiller and 
Welker, 2000), and the cells in the fourth, or granular layer, which are the main recipients of 
this information (Ahmed et al., 1994; Zhang and Deschênes, 1997). Neurons in layer 6 (L6) 
are therefore in a position to modify both the input and output of the first stage of cortical 
information processing. The nature of this modification is a mystery and understanding it 
forms the inspiration for this work. 
Layer 6 of the cortex is also known as the multiform layer, owing to the diversity of cell 
types that exist in this lamina (Tömböl, 1984). It is also known that the largest number of 
synapses onto a neuron arise from other neurons in the same lamina (Binzegger et al., 2004). 
An understanding of the role of any single cell type in this lamina will therefore arise from an 
understanding of the network in which it is embedded. This study therefore attempts to 
identify the different cell types that inhabit layer 6 of the rat barrel cortex and understand the 
rules that govern the interactions between them. What follows in this chapter is a review of 
our present understanding of this network. 
  
The whisker-barrel system as a model for cortical organisation 
 
All sensations barring olfaction are relayed from the sensory receptor cells, via the 
thalamus, to the cortex; this relay is organised in a clear topographic manner. In the whisker-
related somatosensory system, the sensory information relating to the deflection of a whisker 
is relayed from the mechanosensitive receptors in the whisker follicles (Rice et al., 1986), via 
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the trigeminal nerve and ganglion (Zucker and Welker, 1969; Gibson and Welker, 1983; 
Lichtenstein et al., 1990) to the brainstem trigeminal nuclei (Ide and Killackey, 1985; Gibson, 
1987). Projections from the trigeminal nuclei terminate in the ventral posteromedial (VPm) 
and posterior (Po) thalamic nuclei (Chiaia et al., 1991b; 1991a; Timofeeva et al., 2004), 
which give rise to the thalamocortical projections to the barrel subfield of the somatosensory 
cortex (Killackey and Leshin, 1975; Jensen and Killackey, 1987). 
The cortex is organised in six horizontal tiers that correspond to differences in cell types 
and axonal termination patterns. In the rodent primary somatosensory cortex, vertical sub-
divisions are also visible; changes in cell density and staining for cytochrome oxidase (CO), a 
marker for metabolic activity, reveal barrel-shaped regions in layer 4 (L4) of the cortex, 
which are separated by ‘septa’, which have lower cell densities and are unstained by CO 
(Woolsey and Van der Loos, 1970; Woolsey, 1978; Wong-Riley and Welt, 1980a; Land and 
Simons, 1985). Each whisker on the snout of the animal has a corresponding cortical barrel, 
the cells of which respond primarily to deflections of that whisker, with little or no response 
to deflections of the neighbouring whiskers (Simons, 1978, 1985; Armstrong-James et al., 
1992); similar topographic correlates are also seen in the trigeminal and thalamic nuclei, 
known as barrelettes and barreloids, respectively (Van Der Loos, 1976; Ma, 1991). The area 
of the rodent somatosensory cortex devoted to processing of information arising from the 
large whiskers on the snout of the animal is therefore termed the barrel cortex. 
It is this possibility of visualising physiological cortical units, first defined by Mountcastle 
as cortical columns (Mountcastle, 1957; 1997), by anatomical means, that makes the rodent 
whisker-related somatosensory system popular for the study of cortical organisation. 
Furthermore, the input to this system, i.e. the deflections of whiskers, can be tightly 
controlled, in order to understand the response of the neurons involved in this system to very 
specific inputs. While we do not yet understand exactly what is computed in the barrel cortex 
and how it is done, the reader is directed to the following references for the current state of 
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our understanding of information processing in the rodent whisker-related somatosensory 
system (Petersen et al., 2002; Petersen, 2003; Lee and Simons, 2004; Higley and Contreras, 
2005; Lee and Simons, 2005; Wilent and Contreras, 2005; Stüttgen et al., 2006). 
 
The thalamocortical loop 
 
 Two pathways can be distinguished in the projection from the whisker follicle to the 
barrel cortex in rodents. The lemniscal system, which involves the principal trigeminal 
nucleus (Pr5) and the VPm, terminates mainly in the L4 barrels in the cortex, while avoiding 
the septa (Koralek et al., 1988). This pathway preserves very strictly the topographic 
relationship between the whisker and its corresponding barrel in the cortex; the para-
lemniscal system on the other hand projects via the smaller trigeminal nuclei to the Po 
thalamic nucleus. Thalamocortical fibres originating from the Po nucleus terminate in a 
complementary manner to those from the VPm, innervating the septa and, diffusely in the 
barrel region, L5 to L1 (Koralek et al., 1988; Lu and Lin, 1993). Furthermore, discrete 
populations of cortical neurons are seen to respond to these parallel pathways (Bureau et al., 
2006). 
These two systems of thalamocortical (TC) interactions have correspondingly discrete 
corticothalamic (CT) components. The projections from cortex to the two major thalamic 
nuclei that relay information to cortex are mediated by distinct cell types, those to the VPm 
arising from L6 and the projection to Po arising from L5 neurons (Deschênes et al., 1998; 
Rouiller and Welker, 2000; Killackey and Sherman, 2003; Reichova and Sherman, 2004; 
Landisman and Connors, 2007). 
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The initial stages of sensory information processing therefore involves of a well-defined 
thalamocortical loop. Information is relayed by the thalamus (VPm nucleus) principally to 
neurons in L4, and neurons in L6 contribute to a large feedback projection back to the 
thalamus; the para-lemniscal loop involving the thalamic Po and cortical L5 neurons is 
considered to be involved in higher-order processing (Killackey and Sherman, 2003; Li et al., 
2003; Reichova and Sherman, 2004; Van Horn and Sherman, 2004). This thesis is primarily 
concerned with the lemniscal system. 
 While L4 neurons are the first cortical recipient of sensory signals, the output of these 
cells can be potentially be influenced significantly by cells in L6, which, in the cat visual 
cortex, have been estimated to form about half the synapses onto any single L4 neuron 
(Ahmed et al., 1994). Similarly large projections from L6 to L4 are also seen in the monkey 
visual (Fitzpatrick et al., 1985) and rodent somatosensory  cortices (Zhang and Deschênes, 
1997). The cells in L6 that project to L4 are the same corticothalamic neurons that provide 
the feedback to the principal thalamic relay nuclei (Katz, 1987; Zhang and Deschênes, 1997), 
while also receiving a small portion of the thalamocortical terminations (LeVay and Gilbert, 
1976; Hersch and White, 1981a); these cells therefore form an integral and important link 
between the thalamus and cortex. 
 
1.1. An introduction to L6 circuitry 
 
Layer 6, the bottom of the cortex, is arguably the least understood of all cortical laminae in 
primary sensory regions. We know little about the cell types that inhabit this lamina and even 
lesser about the connections formed between them, their biophysical specialisations, 
physiological or morphological peculiarities, if any, and indeed, of its role in cortical 
functioning. Data about this layer is available from two main model systems used to 
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understand cortical architecture and function: the visual cortex (studied in rodents, carnivores 
and primates) and the somatosensory cortex of rodents. 
Sensory cortices are the regions of choice for such studies due to the availability of a 
context (sensory stimuli) in which cortex could be understood. However, these two regions of 
cortex are likely to be highly specialised for the processing of visual and tactile information 
respectively. Therefore, while the organisation of cells and their connections these areas 
reflect common strategies for primary processing of sensory information, differences between 
the two regions could also highlight specialisations in cortical architecture that correspond to 
specific computational challenges offered by each modality. 
The work in this thesis, while restricted to the rat somatosensory cortex, must therefore 
keep in context the data available from other species and cortical areas. I now review data 
concerning neurons and networks in layer 6 of the rodent somatosensory cortex, and also 
present data from the visual cortices of rodents, carnivores and primates. This allows for the 
comparison of the way in which neurons in L6 are organised in different sensory modalities 
of different species. 
The review begins with data on the numbers of neurons within L6, and its laminar 
definition. The types of neurons inhabiting this lamina, both excitatory and inhibitory, are 
presented next. The inputs arriving in L6, both subcortical and intracortical are then listed, 
providing a context for the functioning of the L6 network in primary sensory cortices. The 
function of the cells in L6 depends greatly on the interactions between the different neurons 
within this lamina; our understanding of the properties of these interactions is reviewed next. 
The present view of the role of L6 is intimately linked to both L4 and the thalamus, two 
structures that receive huge projections from neurons in L6. The work conducted on these 
and other efferents of L6 form the final section of the review of L6 circuitry. 
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1.2. The number of neurons in L6 
 
The numbers of neurons in one cortical column, the number within each lamina of a 
column, and the numbers of each subtype of neuron within each lamina, are all crucial factors 
in the study of circuits in the cortex and the computations they perform. In this section I 
present the few studies that have estimated the numbers of neurons in the context of cortical 
columns and lamination in different cortical areas of different species, with an emphasis on 
L6. 
The absolute numbers of neurons in different regions of cortex has been a subject of 
controversy. A much referred study by Rockel, et al. (1980) claims that the number of 
neurons through the thickness of any cortical region of any species (except the primary visual 
cortex of primates) is the same, with approximately 110 neurons present in a column of 
cortex under a patch 30!m long and 25!m wide. Studies using more rigorous quantitative 
methods however, both in cats (Beaulieu and Colonnier, 1989) and rats (Ren et al., 1992; 
Beaulieu, 1993; Skoglund et al., 1996), refute this claim. Both, the number of neurons in a 
column of cortex and the density of neurons in a given area or lamina varies with the cortical 
region and species, as seen in these latter studies. Data on the organisation of cortex must 
therefore be interpreted in a species- and modality-specific manner. 
The laminar thicknesses and density of neurons in the rat somatosensory cortex, as 
measured by four different studies are listed in Table 1.1, with the corresponding values for 
the mouse barrel cortex and cat somatosensory and visual cortices provided for comparison. 
The average density of neurons in the rat whisker-related somatosensory cortex (data from 
the first two studies in the table) is about 51000 per cubic millimetre of cortex; the thickness 
of the barrel cortex in this species is about 1900!m. Taken together, the number of neurons in 
one barrel-column (a column of cortex above, below and including one L4 barrel, measuring, 
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on average, about 250!m in diameter) is calculated to be about 5500, with about 1500 of 
those in L6. To place this number into context, the major subcortical input to the neurons in 
one barrel column arises from its respective barreloid in the VPm thalamic nucleus, which 
contains about 250-300 neurons (Land et al., 1995). Our current understanding of the diverse 
types of excitatory and inhibitory cells that make up these 1500 neurons in L6 is reviewed 
next. 
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Table 1.1: Measures of laminar neuronal density and thickness in the rat somatosensory cortex 
The laminar neuronal densities and thicknesses measured in the rat somatosensory cortex (first four rows), compared with values from the mouse 
somatosensory and cat somatosensory and visual cortices (bottom three rows, respectively). *, rat barrel cortex; §, rat somatosensory hind limb area; ƒ, mouse 
barrel cortex; †, cat somatosensory area 3B; !, binocular region of cat area 17; ", value estimated from a bar graph. 
 
Reference L6 density L4 density Avg. cortical L6 thickness L4 thickness Total cortical
(x10
3
neurons/mm
3
) density (µm) thickness
(Ren et al., 1992)* 47.3±6.0 88.3±23.6 54.9±7.3 ~650
!
~200
!
~1600
!
(Beaulieu, 1993)* 54.0±10.3
+
85.7±16.6 47.5±3.8 601±63 240±40 1898±160
(Skoglund et al., 1996)
§
73.8±6.7 131.3±14.2 69.4±4.6 604±65 233±37 1930±49
(DeFelipe et al., 2002)
§
64.3±4.5 91.0±5.9 54.5 565±11.5 152±7 1827
(DeFelipe et al., 2002)
ƒ
122.1±7.2 181.4±6.1 120.3 451±14.1 208±4.6 1210
(Beaulieu and Colonnier, 1989)
†
28.7±3.9
+
42.6±7.4 30.2±4.1 688±43 246±18 1959±130
(Beaulieu and Colonnier, 1989)
"
61.7±9.8
+
53.6±9.1 48.0±6.2 344±25 509±105 1621±134
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A comparative analysis of cortical and laminar thickness 
 
A recent report addresses the issue of cortical lamination from an evolutionary perspective 
(Hutsler et al., 2005). Here, the authors ask whether the dimensions of cortex and its laminae 
are influenced by the size of the animal or its place in the evolutionary tree by comparing 
cortical thicknesses in 14 species belonging to the primate, carnivore and rodent orders. The 
size of the species within each order varies considerably, for example, capybaras and mice 
within rodents, and squirrel monkeys and gorillas among primates.  
The principal finding is that, when normalised to the total cortical thickness, the ratio of 
supra-granular to infra-granular thickness is greatest in primates, intermediate in carnivores, 
and lowest in rodents; thicknesses of layers 1 & 4 do not vary significantly between species 
or order (only the somatosensory cortex was compared between all species). The authors 
conclude that the relative increase in the thickness of the supra-granular layers reflects the 
importance of the extensive lateral connections formed by neurons in these laminae, a factor 
possibly underlying the differences in cognitive abilities among species. The data of 
DeFelipe, et al. (2002) also reveal a very similar trend when comparing human, rat and 
mouse cortices. 
This difference in the absolute and relative thickness of infra-granular regions between 
orders must be kept in mind while comparing the results of studies on cortical columnar 
architecture conducted on rats (present study included) to those using other popular models 
for cortical connectivity such as cats and macaques. 
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1.3. Neuronal types in layer 6 
 
As calculated from the studies mentioned above, there are about 1500 neurons in L6 of 
one barrel-column of the rat somatosensory cortex, about 200 of which are inhibitory. The 
question that is raised now is “What do we know about these cells: where do they project, 
who do they contact, what synapses they form, how do they respond to stimuli, and 
ultimately, what is the computation that they perform and how is it done?” I start this quest 
by reviewing what we know of the excitatory neurons of L6. 
 
1.3.1. Excitatory L6 neurons 
  
Excitatory neurons in L6 of primary sensory cortices have been long known to project 
back to the thalamic nuclei that send sensory information to cortex (Gilbert and Kelly, 1975; 
Lund et al., 1975; Wise and Jones, 1977; Scannell et al., 1999; Rouiller and Welker, 2000). 
These corticothalamic (CT) neurons in L6 principally target the ventral posteromedial (VPm) 
nucleus of the thalamus, but a subset also project to the ventral posterior (Po) and a few other 
thalamic nuclei (Bourassa et al., 1995; Zhang and Deschênes, 1997, 1998). 
The Po nucleus is the target of another source of CT projections in the rat somatosensory 
system: the pyramidal neurons in lower L5 (Bourassa et al., 1995; Veinante et al., 2000). A 
similar projection is seen in the rat visual system (Bourassa and Deschênes, 1995). These 
fibres completely avoid the principal sensory thalamic nucleus (VPm or LGN); further, they 
arise as collateral branches of axons that principally target the brainstem in the case of 
somatosensory, or the tectum and/or pontine nuclei, in the case of visual cortical projections. 
In regions of the thalamus where terminals of the two sources of CT projections overlap (i.e., 
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the ventral posterior and lateral posterior nuclei in the respective systems), the terminations 
formed by the two projections are also distinct; L6 cells forming fine terminaux boutons and 
L5 projections large boutons in clusters resembling glomeruli (Bourassa et al., 1995; Pinault 
et al., 1995; Van Horn and Sherman, 2004). 
Such distinct CT pathways have formed the basis for the hypothesis that these two 
pathways have distinct functional roles of “drivers” (L5 projection) and modulators (L6 
projection) within a general framework of thalamocortical function (Sherman and Guillery, 
2002; Killackey and Sherman, 2003; Sherman and Guillery, 2005). Since this thesis deals 
primarily with cells in L6, the discussion hereafter will be restricted to the layer and therefore 
consider only CT cells projecting to the VPm. 
 
Corticothalamic and other excitatory cells in L6 
 
Two important studies underscore the link between the target structure of a neuron and the 
morphology of its dendrites and local axonal collaterals. Both have been performed on 
corticothalamic cells, one in the cat visual system, the other in the rat somatosensory system, 
and form a cornerstone for the understanding of L6 in primary sensory cortices. 
The first is a seminal work linking the morphology of neurons to their target structure by 
Katz (1987), conducted in-vitro, in slices of the cat visual cortex. Neurons in L6 of cats 
project to two principal subcortical regions, the thalamus (mainly the lateral geniculate 
nucleus) and the claustrum. Selective labelling of L6 neurons by the injections of a retrograde 
tracer into each target structure allowed Katz to discern two distinct populations in L6, the 
cells of which display contrasting axonal and dendritic patterns. Claustral projecting cells 
have axons that arborise exclusively in the infragranular laminae and apical dendrites 
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reaching L1. CT cells, on the other hand, have vertical axon collaterals targeting L4, with a 
similarly restricted apical dendrite. 
A similar study in rats by Zhang and Deschênes (1997) forms the basis for a lot of my 
experiments on excitatory cells in L6. In this in-vivo study, the authors stained and 
reconstructed the axonal and dendritic arbours of 84 individual cells in the upper L6 of the rat 
barrel cortex. When the axon projected into the white matter they followed the axon, almost 
always to the thalamus, to ascertain its subcortical target. The principal results of the study 
are listed below. 
1. 39 cells out of 84 (46%) projected to the thalamus and are therefore corticothalamic 
(CT). Of the rest, 37 (44%) were spiny and projected to other cortical areas with no 
subcortical target and were therefore labelled corticocortical (CC), while 8 neurons (10%) 
had a morphology resembling inhibitory cells. 
2. Of the CT neurons, the axons of 14 were determined to be arborising in the VPm, seven 
projected to both, the VPm and Po nuclei, and two projected to the Po alone or to the ventral 
medial nucleus; the remaining 16 could not be characterised. 
3. VPm projecting neurons are located in the upper half of L6a and their apical dendrites 
terminate in a tuft in L4. Their axon collaterals rise upwards and also branch in L4. Neurons 
projecting to both VPm & Po, on the other hand, are located in the lower half of L6a, have 
apical tufts ending just below L4, where the upward-heading axon collaterals also branch and 
terminate. Thus the apical dendrite and intracortical axon terminations reflect differences in 
the thalamic targets of the two CT cell types. 
4. CC cells included pyramidal, inverted or modified pyramidal and bipolar cell types. All 
these neurons had axons coursing tangentially within the lower laminae or in the subcortical 
white matter to reach the second somatosensory or motor cortices or the corpus callosum. 
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Figure 1.1: Corticothalamic neurons 
Two types of CT neurons stained in-vivo by Zhang and Deschênes (1997). 
 
Figure 1.2: Corticocortical neuron 
A CC neuron stained in-vivo by Zhang and Deschênes (1997). 
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The morphologies of CT and CC pyramidal neurons stained in that study are illustrated in 
Figure 1.1 and Figure 1.2, respectively. The former shows the two types of CT neurons, one 
with an apical dendritic tuft and axonal collaterals ramifying in L4 (on the left), and another 
where the apical dendrite and most axon collaterals terminate below L4. The latter figure 
shows an example of a pyramidal CC neuron. This neuron has an apical dendrite with oblique 
branches that decrease in length with increasing distance from the soma, giving the cell a fir 
tree-like appearance (inset). The axon gives numerous branches in the infragranular layers of 
cortex, with some extending into the second somatosensory area (Par2). 
The results of this study that I stress are that about 50% of the excitatory cells in L6 of the 
rat somatosensory system are corticothalamic; this is similar to the observations in the cat 
(Gilbert and Kelly, 1975; Katz, 1987). Most of the other excitatory L6 neurons do not project 
out of the cortex, as evidenced both by intracellular filling studies in the rat (Zhang and 
Deschênes, 1997) and monkey (Wiser and Callaway, 1996) and by the retrograde labelling of 
L6 neurons (Wise and Jones, 1977). Claustrum-projecting neurons, like in the visual cortex 
of cats where they form ~5% of the L6 population (Katz, 1987), are a minority of the L6 
neurons in the rat barrel cortex.  This study by Zhang and Deschênes therefore provides the 
morphological basis for the understanding of L6 excitatory cells in the context of at least two 
distinct circuits. The authors conclude by stating, “L6 appears as a merging network for 
corticothalamic and corticocortical communications.” This conclusion will be revisited in the 
context of my own results, which further describe CT, CC and inhibitory L6 neurons and the 
interconnections between them. 
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Molecular subtypes of L6 excitatory cells 
 
The discovery of various molecular markers for inhibitory neurons has made possible 
classifications based on these in combination with the morphology and physiology of these 
neurons (Kawaguchi and Kubota, 1993; Gupta et al., 2000). Similar markers are however 
lacking for excitatory cells, though new combinatorial screening techniques reveal 
differences in them as well (Arlotta et al., 2005; Sugino et al., 2006). These techniques have 
not yet been extended to neuronal types in L6, but differences among L6 neurons have been 
documented based on the excitatory amino acid used as neurotransmitter. 
Excitatory cells in the cortex use either glutamate or aspartate as the excitatory 
neurotransmitter The question to whether differences exist between cells using one or the 
other or even both is however largely ignored, since both are very similar in structure and 
activate the same post-synaptic receptors, and a review on excitatory neurotransmitters in the 
neocortex (Tsumoto, 1990) concludes “the question is still open as to whether Glu- and Asp-
positive neurons represent different classes of neurons.” There are some studies though that 
suggest that this might still be an open issue, at least apropos L6 neurons. 
Beginning with a report by Baughman & Gilbert (1981) showing evidence of glutamate 
and aspartate as excitatory neurotransmitters in L6 of the rat visual cortex, a number of 
studies have estimated that roughly half the neurons in visual, somatosensory and motor 
cortices of the rat are glutamatergic and the other half aspartatergic, with some over lap 
between them (Giuffrida and Rustioni, 1989a, b; Dori et al., 1992). Similar results have also 
been reported in cats and monkeys by Conti, et al. (1987b; 1988a; 1988b; 1989). In a study 
performed specifically on the somatosensory CT cells in rats, Giuffrida & Rustioni (1988) 
report that 57% and 56% of CT neurons in S1 are immunopositive for glutamate and 
aspartate respectively. In tissue processed for both amino acids, only 25% of the neurons 
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show double labelling, suggesting that most CT cells are positive for either one of the 
excitatory amino acids. Conti, et al. (1987a) further report that neurons expressing either 
neurotransmitter are virtually identical with respect to their morphology and distribution 
within L6. 
This takes us to the one study that does report differences between L6 neurons that express 
glutamate and those that do not (Kaneko et al., 1995). The authors report electrophysiological 
and morphological differences between these two groups of excitatory L6 cells in rat primary 
motor and somatosensory cortices; I review this study along with others comparing these 
aspects of L6 neurons in the following section. 
 
Morphological and electrophysiological types of L6 excitatory cells 
 
Correlations between morphological and electrophysiological properties of cells are 
reported in the literature for both excitatory (Martin and Whitteridge, 1984; Larkman and 
Mason, 1990; Mason and Larkman, 1990; Nowak et al., 2003) and inhibitory neurons (Gupta 
et al., 2000; Wang et al., 2002), both types consisting of a diversity of subtypes based on 
either physiological or morphological (or both) criteria. The lack of reliable molecular 
markers for excitatory neurons has however made these distinctions the main bases for 
classification; for inhibitory neurons however, molecular (e.g. calcium binding proteins) and 
anatomic (e.g. axonal ramification) features are the most popular classification criteria 
(Markram et al., 2004). 
Differences in the efferent targets of projecting neurons have been successfully employed 
to distinguish between the morphology of two populations in the same cortical lamina like 
the study by Katz (1987) described earlier. The extension of such methods reveal 
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physiological differences between adjacent neurons projecting to different structures 
(Rumberger et al., 1998; Brumberg et al., 2003; Morishima and Kawaguchi, 2006), with 
varying levels of success.  Such studies simultaneously view the cortical circuit from a 
variety of perspectives. In the following paragraphs I review studies that look at the 
biophysical and morphological properties of L6 neurons in parallel. 
Three studies so far report the electrophysiological properties of morphologically 
identified excitatory neurons in L6, all conducted in brain slices. A critical review of each, in 
their chronological order, follows. 
The first such study was performed by van Brederode and Snyder (1992) in slices of the 
somatosensory cortex of 3-5 week old rats where they recorded intracellularly from a variety 
of layer 6 neurons. The authors then attempt to correlate the biophysics and firing patterns of 
the neurons with their morphologies. Neurons in both the upper and lower parts of L6 were 
sampled, many of the latter having non-pyramidal morphologies; here I summarise their 
findings concerning pyramidal cells in L6. 
1. 13 pyramidal cells were classified morphologically as ‘short’ and ‘long’, based on the 
length of the apical dendrite. ‘Long’ dendrites tended to extend into L2/3 or even into L1 
from somata located at the L5-L6 border. ‘Short’ dendrites arose from cells deeper in L6a 
and ended at or below the L4-L5 border. 
2. The axons of ‘long’ L6 cells were thick and “ran straight down to the underlying white 
matter,” while those of ‘short’ cells ramified locally in L6 with only a thin collateral that 
could be followed into the white matter. 
3. Firing patterns of all L6 cells were classified as ‘regular’ (Connors and Gutnick, 1990), 
but three subclasses, phasic-tonic, intermediate and tonic firing, could be identified. All 
‘long’ and most ‘short’ pyramids fell into the intermediate group, while one ‘short’ cell fired 
in a phasic-tonic and two in a tonic manner. 
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4. ‘Long’ pyramidal cells located at the L5-L6 border were similar to L5b cells in their 
depolarising and hyperpolarising spike after-potentials. 
The authors conclude that L6 neurons are morphologically heterogeneous, with a similar 
variety in electrophysiological properties, and this large variability possibly prevented them 
from establishing clear correlations between cell morphology and membrane properties.  
Aside from this lack of correlation, there are a number of features about this study that are 
valuable in the continuing study of L6 and cortical circuits in general. The description of the 
morphology and physiology of non-pyramidal neurons in lower L6 (L6b), that I have 
presently ignored, is the most extensive to-date (albeit consisting of only 11 neurons) and my 
data, though not included in this thesis, leads to a similar conclusion that the subdivision into 
6a and 6b reflects the dual origin and organisational differences between these two sublayers. 
The lack of correlation they report could be attributed to low numbers as well as their 
inclusion into L6 of pyramidal cells that both morphologically and physiologically resemble 
neurons of L5, thus leading to a confound. In my view, which benefits from hindsight, it is a 
careful and methodical study of L6 that has pointed in exactly the right direction for future 
exploration by documenting most of the variety of neurons that reside in this lamina. 
The next study to shed further light on the lamina of interest was mentioned above in the 
section on molecular subtypes in L6 excitatory cells. This study by Kaneko, et al. (1995) 
looks at both, the morphology and physiology of L6 excitatory neurons (in motor and 
somatosensory cortices) in the context of their expression of phosphate-activated glutaminase 
(PAG), a predominant enzyme for the synthesis of the neurotransmitter glutamate. This study 
follows up on differences they reported between L6 cells in the cat motor cortex (Kang and 
Kayano, 1994) where the length of apical dendrites was inversely correlated with the 
presence of a depolarising after-potential (DAP). 
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In this study on 55 layer 6a neurons, the authors consider 23 neurons whose morphology 
was reconstructed and determined to be pyramidal. Of these, 12 were immunopositive for 
PAG (PAG-positive), and 11 not (PAG-negative), with none reactive for GABAergic cell 
markers. Morphologically, both types were found at similar locations within L6 of the 
somatosensory area, but interestingly no PAG-positive cells were found in L6 of the motor 
cortex. In summary of the structural differences, PAG-positive neurons were seen to have 
a) larger somata (119±39 vs. 86±16!m
2
; p < 0.05) 
b) shorter apical dendrites (612±184!m vs. 823±104; p < 0.01), which end in L5, while all 
the PAG-negative neurons had apical dendrites extending into L4. 
c) wider basal dendritic arbours (318±64 vs. 216±25!m; p < 0.001) 
d) widely distributed axons collaterals as well, with a bias toward lower layers, while PAG-
negative cells express vertically arborising collaterals, with a narrower width. 
Electrophysiological differences were mainly documented in the active membrane 
properties after the firing of an action potential. Hyperpolarising after-potentials of two types, 
one fast (peak within milliseconds after the spike; fAHP) and the other of medium (peak 
within tens of milliseconds after spikes; mAHP) range, can be discerned. Further, cells with 
and without a depolarising ‘hump’, or DAP, are seen. When classified based on the presence 
of glutaminase, ten of the eleven PAG-negative neurons displayed a prominent fAHP peak, 
all the rest having only a mAHP peak. DAPs were observed in five cells, all PAG-positive. 
All cells were of the regular firing type described by McCormick, et al. (1985), though 
doublets and triplets were seen more often in the PAG-positive types. 
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Figure 1.3: Summary of the results of Kaneko, et al. (1995) 
The authors describe two excitatory cell types based on the use of glutamate as the 
neurotransmitter molecule, each with distinctive morphology and biophysics. Glutamatergic 
neurons (Glutaminase-positive) cells are shorter pyramids with wider axon collaterals and a 
distinctive depolarising after-potential compared to Glutaminase-negative cells (putative 
aspartatergic neurons). 
 
The last figure in their paper, presented in Figure 1.3, summarises their findings on 
pyramidal cell circuits in L6. The upshot is that the authors were able to distinguish two clear 
classes of pyramidal neurons in L6 of the somatosensory cortex of rats based on the use of 
glutamate as the neurotransmitter; Glutaminase-negative neurons are hypothesized to use 
aspartate as their excitatory neurotransmitter. The two groups have different dendritic 
profiles, which bear resemblance to the ‘long’ and ‘short’ pyramids described by van 
Brederode & Snyder (1992); however unlike them, Kaneko et al. have been able to associate 
specific electrophysiological properties to the two types. 
The points I would like to stress now however are about the exceptions seen in their study. 
Firstly, only five of the twelve PAG-positive neurons had apical dendrites ending in L5; two 
PAG-positive cells with apical dendrites resembling those of PAG-negative neurons also had 
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fAHPs like the latter. Secondly, one of their five PAG-negative neurons in the somatosensory 
cortex displayed a mAHP like that ascribed to PAG-positive neurons. These details are 
crucial to the point I will later try and make, that the electrophysiological properties of 
neurons is determined by the circuit in which they are embedded, and the use of glutamate or 
aspartate, while possibly important for post-synaptic response kinetics, may not be relevant 
for distinguishing morphological classes of neurons, as observed in earlier studies that 
addressed this issue (Conti et al., 1987a; Giuffrida and Rustioni, 1988). 
The third study that attempted to characterise L6 neurons is that by Brumberg, et al. 
(2003) on visual cortical neurons of the mouse. The authors distinguished between two 
populations based on the presence or absence of a corticofugal projection, which they 
ascertained by stimulating in the white matter to elicit an antidromic action potential in the 
neuron, thus dividing neurons into ‘antidromic’ and ‘non-antidromic’ groups (with 20 & 14 
neurons, respectively). The differences  (p < 0.05) they find between the two groups are listed 
below. 
1. Threshold for spiking is lower for antidromic (-39.3±6.2 mV) than for the non-
antidromic (-32.1±5.4 mV). 
2. Antidromic neurons have narrower spikes (1.7±0.2 vs. 2.1±1.1 ms), due mainly to a 
faster action potential fall-time. 
3. The amplitude of after-hyperpolarisation is smaller in antidromic neurons (8.8±6.9 vs. 
14.2±2.8 mV)  
4. Antidromic neurons are more excitable, i.e. responded with more spikes to the same 
strength of depolarising current. This is seen in the slope of the F-I curve measured as the 
number of spikes/nA of depolarising current (9.1±8.6 vs. 4.9±3.6). 
5. The pattern of synaptic activity elicited by white matter stimulation also differed 
between the two groups. Though synaptic depression is seen in the responses of both 
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neurons, the depression in a train (measured for the 8
th
 response compared to the 1
st
) was 
weaker in antidromic neurons (0.86±0.16 vs. 0.55±0.38). 
6. Dendritic reconstructions of the neurons revealed antidromic neurons to have apical 
dendrites reaching L4, and in some cases, L2, ending in a small tuft, but differences in apical 
dendritic length did not reach significance. Despite having similar numbers of primary 
dendrites, antidromic neurons had fewer branch points and ends, indicating a simpler 
dendritic tree. 
The authors also recorded from 23 cells labelled with fluorescent beads transported 
retrogradely from the thalamus. These neurons resemble antidromic neurons both in structure 
and physiological responses leading to their conclusion that most antidromic neurons are 
likely to be corticothalamic, and that non-antidromic cells include a variety of neuronal 
classes. 
While addressing a number of issues concerning the circuit within L6, the study does 
however have a number of drawbacks. Firstly, as the studies discussed above have shown, a 
number of different cell types in L6 have axons that enter the white matter, some continuing 
to the thalamus, others traversing across to the second somatosensory and motor cortices and 
even to the opposite hemisphere. This raises the possibility that most pyramidal neurons in 
L6 can be antidromically activated by white matter stimulation. Secondly, the morphological 
reconstructions presented by the authors leaves much to be desired to be able to compare 
them to those in the previously discussed publications. The lack of significance in the 
comparison of apical dendritic lengths between the two groups could indicate heterogeneity 
within both groups. The authors speculate that the lack of significance could be due to 
outliers and clipping involved with the slicing process, but do not present data to support the 
possibility. Thirdly, the authors state that CT (and by omission, antidromic neurons as well) 
neurons were confined to one stratum of L6 while non-antidromic neurons were found 
throughout L6. This, coupled with the morphology of most of the latter, raises the possibility 
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that the authors are comparing L6a pyramidal neurons (either CT or CC) with local circuit 
neurons of L6a and L6b. Interestingly, they also describe their CT neurons as lacking apical 
tufts, in clear contrast to those in the cat visual cortex (Katz, 1987) and rat visual (Bourassa 
and Deschênes, 1995) and somatosensory (Zhang and Deschênes, 1997) cortices, raising 
possibilities of modality and species specific differences in this circuit. 
Another study classified excitatory cells in L6 based on their spike train responses to 
depolarising current pulses (Mercer et al., 2005).  Pooling data from the somatosensory 
cortex of rats and the visual cortex of rats and cats, the authors determine two broad classes 
of neurons displaying tonic and phasic responses. In the rat, 13 of the 14 tonic cells were seen 
to have CT-like morphology, with an apical dendritic tuft and axonal ramification in L4, 
while 23 of the 29 cells with phasic responses had a CC-like morphology with horizontally 
ramifying axons; the latter include inverted pyramidal and bipolar dendritic morphologies. In 
the cat however, tonic cells included those with CT and claustral-projecting morphologies. 
This study again indicates associations between the morphological neuronal type and its 
firing properties, though exceptions are seen. It remains, however, to be shown that the CT-
like cells indeed project to the thalamus, and the reliability with which each physiological 
parameter correlates with the observed morphology. The pooling of data from different 
cortical areas and species is also a confounding factor in the accurate classification of 
neuronal types. 
With reference to the last three studies presented (Kaneko et al., 1995; Brumberg et al., 
2003; Mercer et al., 2005), the neurotransmitter substance used by neurons, their antidromic 
responses to white matter stimulation or their spiking responses to long depolarising current 
pulses are all unreliable indicators of cell type in L6. Each method, though reaching 
conclusions about the morphological and physiological uniformity of the neurons that 
constitute subgroups within L6, do not satisfactorily address the possibility of an imposition 
of a flawed classification to these neurons; I attempt to resolve this issue in this thesis by 
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comparing a variety of morphological and physiological properties of L6 neurons in parallel 
with an unambiguous labelling of CT neurons by the retrograde transport of a dye injected 
into the VPm nucleus of the thalamus. 
While L6 is acknowledged to contain a variety of excitatory neuronal types (Tömböl, 
1984), not much is known about how the variety of inhibitory neurons in this layer compares 
with that in other layers. The next section reviews our understanding of the second basic class 
of neurons within L6. 
 
1.3.2. Inhibitory neurons in L6 
 
Non-pyramidal neurons of a variety of morphologies have been described from the times 
of Cajal using the Golgi technique; for a review, see Fairén et al. (1984). The identification of 
GABA as an inhibitory neurotransmitter in the cortex (Krnjevi" and Schwartz, 1967) and its 
localisation to neurons of non-pyramidal morphology (Ribak, 1978; Hendry and Jones, 1981) 
allowed for the identification of these neurons as the mediators of inhibition in cortex, thus 
defining the two basic neuronal types in cortex: excitatory pyramidal neurons that use 
glutamate or aspartate as the neurotransmitter molecule and inhibitory non-pyramidal 
neurons using GABA. Since the axons of the latter do not leave the cortical region where the 
soma resides, inhibitory cells are also called interneurons; most pyramidal cells have axons 
projecting to distant cortical or subcortical sites, though exceptions, most notably the spiny 
stellate neurons in L4, do exist. 
As described in the section on excitatory cells above, no reliable molecular markers for 
different types of pyramidal neurons have been found so far; the situation is the converse in 
the case of interneurons. The identification and use of molecular markers like calcium-
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binding proteins (e.g. parvalbumin, calbindin) and neuropeptides (e.g. somatostatin, 
cholecystokinin) have made the detection and classification of interneurons possible on a 
large scale (DeFelipe, 1993; Kawaguchi and Kubota, 1993, 1996). The flip-side to this has 
been an ever-growing complexity in the ways in which interneurons can be classified and, as 
a result, the numbers of types and subtypes inhibitory neurons have also grown. 
To briefly summarise the current understanding of the interneuron subtypes in L6, studies 
in the rat frontal cortex (Kawaguchi and Kubota, 1997; Kawaguchi and Kondo, 2002) show 
that GABAergic neurons can be divided into 3 non-overlapping groups based on the 
expression of parvalbumin (PV), somatostatin (SOM) and the vasoactive intestinal 
polypeptide (VIP). Of the inhibitory neurons in L6, about half are PV-positive, the rest 
divided into SOM- and VIP-expressing groups. Morphologically, these correspond grossly to 
basket, Martinotti and double bouquet cells respectively; physiologically, the former are 
associated with high frequency, non-adapting spike trains and the latter two with lower 
frequency, adapting spike trains. A figure from Kawaguchi and Kubota (1997) is presented 
here in Figure 1.4, illustrating five different morphological types of interneurons in the 
frontal cortex of rats, which they associate with specific molecular markers and firing 
patterns. 
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Figure 1.4: A summary of the main interneuron morphologies in cortex. 
Taken from Kawaguchi and Kubota (1997), this illustration depicts five morphologic types of 
cortical inhibitory cells: a PV-positive small basket cell, a chandelier and neuragliaform cell, a 
SOM-expressing Martinotti cell and VIP-positive double bouquet cell. The first two have fast-
spiking (FS) characteristics, the third is late-spiking (LS) and the last two are regular (RS) or 
burst-spiking (BS) non-pyramidal (NP) neurons. 
 
In the rat somatosensory cortex, mainly using morphologic criteria, Henry Markram and 
colleagues (Markram et al., 2004; Wang et al., 2004) have estimated that about half the 
interneurons in L6 belong to the morphological class termed Martinotti cells (16.5% of all 
interneurons in the somatosensory cortex of rats are claimed to be of this class), though data 
for these estimates are not presented. The other significant types in L6 are the basket cells 
and bitufted cells, corresponding grossly to the three major molecular types in L6 of the rat 
frontal cortex described by Kawaguchi and Kubota (1997). An extensive description of the 
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basket cell morphologies and the firing patterns associated with them is presented in their 
earlier work (Gupta et al., 2000; Wang et al., 2002). 
From the perspective of the laminar and columnar architecture of cortex, Fairén et al. 
(1984) in their review, divide interneurons into four groups based on axonal arborisation 
patterns: 
1. Cells with ascending axons. This group includes the Martinotti cells, which have a 
characteristic axonal ramification in L1. They also mention other neurons with ascending 
axons that do not reach L1 and is discussed below. 
2. Cells with columnar axons, which include double bouquet and bipolar neurons. 
3. Cells with no preferred axonal orientation. These neurons include neuragliaform cells, 
chandelier cells and small basket cells. 
4. Cells with horizontal axons. These are the classical basket cells described by Cajal and 
others, with an axonal tree that can extend over distances of up to 1-2mm, forming ‘nests’ or 
‘baskets’ around the somata of their target neurons. 
While the axons of the last three categories are also known to cross laminar boundaries 
(for example, the descending axons of chandelier and double-bouquet cells), the interneurons 
with ascending axons are seen to specifically target two or more non-adjacent laminae, while 
avoiding the intervening cortex (Lund et al., 1979; Kisvárday et al., 1987; Lund et al., 1988; 
Silberberg and Markram, 2007). 
Based on such specificity in laminar targeting by axons, different classes of hippocampal 
interneurons can also be differentiated (Maccaferri and Lacaille, 2003; Cossart et al., 2006). 
Of the neurons with ascending axons in the infragranular laminae of cortex, Martinotti cells 
are the most extensively described type. These axons of these neurons specifically target L1 
from their somatic locations at various depths in cortex, though other intervening layers also 
receive contributions (Fairén et al., 1984; Wahle, 1993; Wang et al., 2004). These cells are 
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known to express the neuropeptide somatostatin (Kawaguchi and Kondo, 2002; Wang et al., 
2004), though they are not the only morphological type to do so (Ma et al., 2006). 
While the axons of Martinotti cells, by definition, ramify in L1, infragranular interneurons 
with ascending axons that do not target L1 have also been described in the literature 
(Valverde, 1976; Fairén et al., 1984; Kisvárday et al., 1987; Lund et al., 1988; Deuchars and 
Thomson, 1995; Zhang and Deschênes, 1997; Ma et al., 2006). Often the arborisation of 
these neurons resembles that of basket cells, with peri-somatic ‘baskets’ seen at the light 
microscopic level (Fairén et al., 1984; Lund et al., 1988). The preferential somatic targeting 
by the boutons, characteristic of basket cells, was demonstrated in one such neuron using 
electron microscopy (Kisvárday et al., 1987). The axons of Martinotti cells synapse 
preferentially onto the dendrites (shafts and spines) of their target neurons, rarely contacting 
somata even in the lamina where their soma is located (Wang et al., 2004). However, it 
remains to be shown that both these contrasting types of neurons with ascending axons are, in 
fact, subtypes of the SOM expressing group of interneurons since Ma et al. (2006) did not 
ascertain the post-synaptic target structures of the SOM-expressing cells that they describe. 
Illustrations of infragranular interneurons with ascending axons in two studies are 
presented in Figure 1.5 and Figure 1.6. The first, by Lund et al. (1988), describes 
interneurons stained by the Golgi method in the primary visual cortex of the macaque 
monkey; the second is an illustration of SOM-positive interneurons in three different mouse 
lines by Ma et al. (2006). Two general classes of interneurons can therefore be differentiated 
in infragranular laminae based on the presence of an ascending axonal projection. While 
SOM-positive cells show such projections, diverse morphological types constitute this 
population, and conversely, projecting cells likely include neurons of different molecular 
types, since basket cells mostly express PV and not SOM (Kawaguchi and Kondo, 2002). 
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Figure 1.5: Interneuron types in the macaque visual cortex 
Different interneuron types in the primary visual cortex of the macaque monkey based on 
axonal and dendritic arborisation (Lund et al., 1988). 
 
Figure 1.6: SOM-positive interneuron types in the barrel cortex of mice 
Reconstructions of three types of SOM-positive neurons (axons in red, dendrites in green) in 
mouse lines described by Ma, et al. (2006).While the GIN (G-I) and X98 (J-K) neurons 
comprise of interneurons targeting L1, another SOM-positive neuron, the X94 line, show no 
L1 ramification and instead innervate the granular and supra-granular layers in a specific and 
extensive manner. 
Introduction and review 
31 
This debate regarding the exact identity of L6 interneurons with ascending axons is 
relevant for two reasons: 
A. The two neuronal types have contrasting innervation zones. Martinotti cells arborise in 
L1 and are known to target the apical tufts of L5 pyramidal cells (Silberberg and Markram, 
2007) and possibly have very different functional roles than inhibitory neurons that target 
cells the granular and supra-granular laminae, while avoiding L1. 
B. The post-synaptic target structure, whether soma or dendrite, can lead to potentially 
contrasting effects of inhibition, the former implying a divisive and the latter a subtractive 
effect on the excitation a cell receives (Holt and Koch, 1997; Doiron et al., 2001). Martinotti 
cells are known to be dendrite targeting (Wang et al., 2004) while basket cells with ascending 
axons target somata to a much greater degree (Kisvárday et al., 1987), each neuronal type 
therefore having potentially contrasting roles. 
Now, with an impression of the excitatory and inhibitory neuronal types comprising L6, I 
move on to describe the network in which these cells are embedded. In the following section 
I review what we know of the sources of input to these cells, both distant and local, the 
interactions between the various types of excitatory and inhibitory neurons within L6, and 
finally, the targets of these neurons, both within the same cortical region and at other distant 
sites. 
 
1.4. Networks involving neurons in L6 
 
The ability to record from and stain single cortical neurons (Stretton and Kravitz, 1968; 
van Essen and Kelly, 1973) has been one of the biggest advances in understanding cortical 
circuitry and function in unison. Such techniques have only recently been extended to two or 
Introduction and review 
32 
more neurons simultaneously (MacVicar and Dudek, 1980; Mason et al., 1991; Thomson et 
al., 2002), such that the interaction between neurons could be understood from a similar 
structure-function perspective. This advance, despite being restricted to in-vitro preparations, 
has defined our current understanding of networks with small cortical areas. 
Applied to neurons in L6, such experiments have essentially endeavoured to answer the 
question “which cells synapse onto an L6 neuron, which neurons do they contact in turn, and 
what are the physiological properties of the synapse formed between these neurons?” I start 
with the first part of the question and review the sources of input, both excitatory and 
inhibitory, to neurons in L6. 
 
1.4.1. The afferents to L6 neurons 
 
Similar to experiments by Fitzpatrick (Fitzpatrick et al., 1985; Usrey and Fitzpatrick, 
1996) and Burkhalter (1989), Zhang and Deschênes (1998) also injected a tracer localised to 
L6, this time in the barrel cortex of rats. Unlike the former experiments where anterogradely 
filled axons were followed from the injection site, Zhang and Deschênes traced the location 
of cell bodies that were labelled in different brain regions as a result of the retrograde 
transport of tracer from the injection site. They were thus able to map the locations of 
afferents to L6 of the somatosensory cortex. To follow up, they injected an anterograde tracer 
into these areas to trace the axonal arbours formed by the different afferent sources within the 
somatosensory L6. 
To summarise their findings, afferents to L6 arise from the thalamus (including the VPm, 
Po and interlaminar nuclei), the claustrum and the infra-granular laminae of other cortical 
regions (the motor, second somatosensory and perirhinal cortices). The most profuse 
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ramifications are formed by axons from the motor cortex while the thalamus and claustrum 
only form sparse projections. Preliminary data also indicate that these projections have 
measurable physiological effects on CT neurons in L6 (Lee and Simons, 2005). The 
subcortical (thalamic and claustral) and cortical (intra- and inter-areal) sources are reviewed 
separately below, starting with what is known of the thalamocortical synapses in L6. 
 
Subcortical input 
 
The thalamus is the main sources of subcortical afferents to the primary somatosensory 
cortex, with the claustrum contributing a small fraction of the afferents (Sadowski et al., 
1997; Zhang and Deschênes, 1998). While claustral afferents arborise mainly in the 
infragranular laminae (Zhang and Deschênes, 1998), L4 is the major target of the thalamic 
projections, with only a small proportion of thalamocortical axons terminating in L6 (Freund 
et al., 1985a; Humphrey et al., 1985; Jensen and Killackey, 1987; Zhang and Deschênes, 
1998). In the rat somatosensory system, the thalamic projections terminating in L6 arise from 
a number of nuclei including specific projections from the VPm and non-specific projections 
from the Po, intra-laminar and ventral medial nuclei (Zhang and Deschênes, 1998). 
 The number of synapses that the thalamus contributes to a spiny stellate neuron in L4 has 
been estimated to be around 15% in the mouse somatosensory cortex (Hersch and White, 
1982; Benshalom and White, 1986) and about 5% in the cat visual cortex (Peters and Payne, 
1993; Ahmed et al., 1994). This value is likely to be smaller for the thalamic synapses formed 
onto neurons in L6, since fewer thalamic axons terminate in this layer, which contains a 
similar, if not greater number of neurons than L4 (White and Hersch, 1982; Keller and White, 
1989; Binzegger et al., 2004). Anatomic evidence that TC axons terminate on dendrites of CT 
neurons in L6 exists in both the mouse somatosensory (Hersch and White, 1981a; White and 
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Hersch, 1982; Keller and White, 1989) and cat visual cortices (LeVay and Gilbert, 1976; 
Martin and Whitteridge, 1984). Inhibitory cells in L6 also receive TC afferents, and possibly 
form the major recipients of thalamic terminations in this lamina (Keller and White, 1989). 
However, no study so far has looked at differences, if any, between subtypes of excitatory 
and inhibitory neurons in L6 in the number and proportion of TC synapses they receive. 
The strength and dynamics of the TC synapse have been the focus of a number of studies 
(Stratford et al., 1996; Gil et al., 1997; Chung et al., 2002; Boudreau and Ferster, 2005; 
Bruno and Sakmann, 2006). In-vitro studies reveal strong synapses that show a significant 
short-term depression (Stratford et al., 1996; Gibson et al., 1999), but some in-vivo studies 
suggest that the high spontaneous activity in the intact animal results in smaller post-synaptic 
responses to TC spikes, but with less depressing dynamics (Boudreau and Ferster, 2005; 
Bruno and Sakmann, 2006); others studies however make a case for depression levels similar 
to those reported in-vitro (Chung et al., 2002).  
In the only physiological study of TC synapses formed onto L6 neurons (Beierlein and 
Connors, 2002), conducted in slices of the rat barrel cortex, the authors report paired-pulse 
ratios (at a stimulation frequency of 40Hz) of 0.52±0.25 and 0.53±0.33 for synapses onto 
excitatory and inhibitory cells respectively. Though the dynamics of the synapses onto the 
two cell types is identical, the amplitude of the minimal response was three times larger in the 
inhibitory cells (1.2±0.8 vs. 3.9±3.5 mV), coupled with faster rise times (1.2±0.6 vs. 0.4±0.1 
ms). Similar differences in the strengths of responses elicited by TC fibres in L4 excitatory 
and inhibitory neurons have been recently reported (Cruikshank et al., 2007). The authors 
attribute the phenomenon to differences in the synaptic properties of TC synapses when 
formed on the two cell types; the excitatory conductances evoked on inhibitory neurons are 
shown to be stronger and with faster kinetics. 
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Intracortical (inter-areal) input 
 
Studies in the visual and somatosensory cortices of rats document extensive corticocortical 
projections extending from neurons in L6 (Burkhalter, 1989; Zhang and Deschênes, 1997). 
These projections, while innervating the infragranular layers within the primary 
somatosensory cortex, also extend to various other cortical areas, including the second 
somatosensory and motor cortices and to similar areas in the other hemisphere (Zhang and 
Deschênes, 1997). The same group also determined the sources of input to neurons in this 
lamina in the barrel cortex (Zhang and Deschênes, 1998) by injecting cholera toxin, a 
retrogradely transported label, into L6. Qualitatively, while the thalamus and claustrum 
provide a small source of input to L6, the main source of afferents is the motor cortex, 
leading to the hypothesis that whisking is an active process that operates in close unison with 
motor signals. 
Such long distance projections however, contribute only a small proportion of all the 
synapses formed onto L6 neurons (Binzegger et al., 2004). The physiology of these synapses 
is also virtually unknown, though experiments on long range projections from the 
somatosensory to the motor cortex suggests a facilitatory role in learning for these 
connections (Iriki et al., 1989, 1991). There have been, however, some investigations on the 
short-range corticocortical synapses onto L6 neurons and these are reviewed now. 
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Intra-areal (local) networks of L6 neurons 
 
The injections into the primary somatosensory cortex of rats performed by Zhang & 
Deschênes (1998) also revealed a large number of labelled cell bodies within the primary 
somatosensory cortex scattered widely in the infragranular layers around the injection site 
and also in layers 2 to 5 above the injection site. These ‘local’ connections are numerous; 
most of the synapses formed by cells in any lamina are onto other neurons around themselves 
(Binzegger et al., 2004). 
The local sources of excitation and inhibition to L6 neurons have been studied with two 
complementary techniques. The first involves the mapping of a relatively large area of cortex 
to look for sources of input to one particular cell or region of interest. The mapping can be 
undertaken by either the focal release of glutamate at various cortical sites (Callaway and 
Katz, 1993; Staiger et al., 2000; Zarrinpar and Callaway, 2006), or by electrical stimulation 
using an electrode array (Wirth and Lüscher, 2004), while simultaneously recording the 
activity in a given region or cell. These experiments allow the creation of a gross map of 
cortical connectivity and provide estimates on the strengths of projections form one cortical 
area to another. 
Two studies have specifically looked at the laminar sources of input to L6 neurons, one in 
the monkey (Briggs and Callaway, 2001) and the other in rats (Zarrinpar and Callaway, 
2006). Both studies identify a variety of L6 neurons based on their dendritic and (only in the 
former) axonal arborisation patterns and report differences in the laminar sources of 
excitation for each neuronal type. 
In the visual cortex of rats, Zarrinpar and Callaway (2006) identify three pyramidal cell 
types based on apical dendrite profiles, which appear analogous to those described in the 
somatosensory cortex by Zhang & Deschênes (1997). Their ‘type 1 tufted neurons’ have an 
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apical tuft that ends below L4 with the soma located in the lower third of L6; the ‘type 2 
tufted neurons’ have apical tufts that end within L4, with somata located throughout L6; their 
third type is a non-tufted pyramidal cell, also with an apical dendrite ending in or below L4. 
The intracortical sources of excitatory input to these neurons can be summarised as follows. 
1. The strongest inputs to all their neurons arise from within L6, where most of the 
dendrites of these neurons are. 
2. The type 2 pyramids (with apical dendrite ending in L4; n = 38) receive significantly 
greater input from L4, L5a and L5b than do the type 1 pyramids (n = 7). Neither cell received 
any significant input from L2/3. 
3. Non-tufted pyramids (n = 2) receive excitation from all layers. 
4. Only inhibitory interneurons (n = 7) received a significant input from L2/3. 
The conclusions of this study in the rat appear simple in comparison with the organisation 
of inputs and outputs of L6 neurons in the monkey visual cortex (Briggs and Callaway, 
2001), where the input to the neurons appears to be organised in a manner  complementary to 
their laminar axonal ramifications. However, both studies conclude that the strengths of the 
input arising from each lamina do not simply reflect the proportion of dendrite in that layer. 
In order to understand such networks with this technique therefore, a rigorous classification 
scheme using axonal and dendritic arbours, coupled with knowledge of the numbers of each 
pre-synaptic cell type, would be required. 
The second, complementary, technique is to record simultaneously from two (or more) 
neurons, in order to find single synaptic sources to a given neuron. This method, while unable 
to sample exhaustively from large cortical areas, provides information on the strength, 
kinetics and dynamics of the synapse between two cells, while also unambiguously 
determining the morphological structure and biophysical properties of both pre- and post-
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synaptic neurons (Mason et al., 1991; Markram et al., 1997; Thomson and Deuchars, 1997). 
The few studies using this method to explore connections within L6 are presented below. 
The first such study is by Beierlein & Connors (2002) who attempt to differentiate 
between synapses formed by thalamic and intracortical sources onto single L6 neurons. 
Stimulation in the thalamus resulted in two types of responses in L6 neurons, one a short 
latency, depressing synapse that they conclude to be arising from thalamocortical axons, and 
another longer latency response, which facilitated, that they determined to be arising from the 
intracortical collaterals of CT neurons. The characteristics of the thalamocortical synapse 
have been reviewed in the earlier section; their findings on the synapses formed by 
intracortical collaterals of CT cells are as follows. 
1. The latency of responses evoked by CT axon stimulation is longer than those evoked by 
TC axon stimulation, mainly due to slower conduction velocities in the former. 
2. Synapses formed by intracortical collaterals of CT neurons (evoked by thalamic 
stimulation) displayed short-term facilitation; the post-synaptic neurons included seven 
regular spiking (RS, presumed excitatory) and five fast spiking (FS, presumed inhibitory) 
cells. The pair-pulse ratios at an ISI of 25ms were, on average, 2.7 and 2.2 onto RS and FS 
cells respectively; the pair-pulse ratios of TC synapses were 0.52 and 0.53, respectively. 
3. On testing 102 pairs of neighbouring L6 RS neurons, the authors encountered 4 with 
synaptic connections; the same number of contacts between RS and FS cells were found on 
testing 41 connections. Three of four RS-RS connections displayed pair-pulse depression, 
along with two of the four RS-FS connections. 
4. The authors conclude that at least two types of local excitatory connections exist within 
L6, one from neurons projecting to the thalamus and the other from those that do not; the pre-
synaptic neuron determines the short-term dynamics of the synapse. 
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While providing the first recordings of synapses in L6, this study demonstrates the 
heterogeneity in the synaptic types within L6 to parallel the variety in cell morphology and 
physiology that were documented earlier. 
Two recent studies by the group of Alex Thomson (Mercer et al., 2005; West et al., 2006) 
follow up this demonstration of two classes of intracortical excitatory synapses by 
performing paired cell recordings from a variety of L6 neurons. The data presented include 
recordings made in the rat somatosensory cortex and in the visual cortex of rats and cats and I 
will restrict myself here to reviewing the data they report in rats; the authors do not 
distinguish data obtained from the somatosensory and visual cortices in this species. 
Based on the success rate of finding a connection between two L6 neurons, the authors 
estimate that CC neurons are 2-4 times as likely to form a synapse on another L6 cell as a CT 
neuron, thus explaining the small number of facilitating RS-RS synapses found by Beierlein 
and Connors, above. Similarly, CT-like neurons are four times as likely to contact inhibitory 
cells in L6 as are CC-like neurons. A list of their findings, as published in the two papers 
follows.  
1. Pre-synaptic neurons were determined to be CT or CC based upon the branching pattern 
of their axons. Where the morphology was not recovered, a difference in firing pattern was 
used: CT neurons were associated with a tonic and CC neurons with a phasic spiking 
response to depolarising current pulses. However, this difference has not been reported in 
earlier studies and furthermore, the basis for such a classification was not tested statistically. 
2. In the 27 pyramid-pyramid connections encountered in the rat, eleven involved a pre-
synaptic CC-like neuron and five a CT-like neuron. Of the rest, nine exhibited a phasic firing 
pattern the authors associate with CC-like cells and one a tonic pattern associated with CT-
like cells. Based on this ‘hit-rate’, the authors conclude that CC neurons are 2-4 times more 
likely to contact other L6 pyramidal cells. However, it is not possible to calculate such 
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probabilities from this data due to the biases involved in recording from specific neurons and 
preservation of axons in slices. 
3. Of the five pyramid-to-interneuron pairs in rats and eight in cats, nine involved a pre-
synaptic CT-like neuron and only two a CC-like neuron (two were unidentified). Data is 
however reported only for 9 pairs, 4 in the rat and 5 in the cat. The authors conclude that CT 
neurons are four-times more likely to contact inhibitory interneurons in L6 than are CC 
neurons; this conclusion is similarly not valid, and also suffers from the small numbers of 
such connections encountered. 
4. Synapses formed by CC-like cells were stronger when formed onto CT cells (1.7±0.4 
mV; n = 4) than onto CC neurons (0.9±0.7 mV; n = 7); this is accompanied with fewer 
failures (2±2% vs. 20±20%) and a smaller coefficient of variation (0.2±0.03 vs. 0.6±0.5). 
5. Connections formed by CT cells involved the weakest pyramid-to-pyramid synapses, 
with the largest failure rates and coefficients of variation (0.3±0.1 mV, 34±9% and 0.8±0.3 
respectively; n = 4). 
6. All synapses formed by CT-like neurons exhibited pair-pulse facilitation, whether onto 
pyramidal or interneurons; the latter included parvalbumin- and somatostatin-positive cells (n 
= 1, each). 
7. All synapses where the pre-synaptic cell had a CC-like morphology (n = 12), or 
exhibited phasic spike trains (n = 5), displayed pair-pulse depression, irrespective of the post-
synaptic cell type. 
Despite their drawbacks, these studies provide the few examples of synaptic connections 
between various cells types within L6 that exist in the literature. Furthermore, the strengths 
and dynamics of the connections between different cells indicate the presence of a 
complicated network within L6, the rules of which the authors attempt to determine. There 
are, however, critical issues that still need to be addressed. 
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The authors link the morphological identity of the neurons to one physiological parameter; 
this link has however not been observed in earlier studies on L6 neurons, as reviewed above 
in section 1.3.1. All the pyramidal neurons in L6 described so far have been documented to 
be regular spiking, with varying degrees of adaptation of the spike train (van Brederode and 
Snyder, 1992; Kaneko et al., 1995; Brumberg et al., 2003). The phasic responses the authors 
associate with CC-like neurons could reflect inadequate stimulation strengths. 
As mentioned above, the ‘hit rates’ used by the authors as a measure of connectivity, are 
prone to large and unpredictable biases. Despite recording in thick slices and reporting data 
from neurons that have a significant axonal arbour preserved in the slice, it is impossible to 
predict the extent of pruning of the axonal tree due to the slicing process. The profound 
question of whether neurons target each other with high specificity (and not randomly, in 
accordance with Peters’ rule (Braitenberg and Schüz, 1991) such that axons connect in 
proportion to the occurrence of each type of synaptic target) cannot be satisfactorily 
addressed by calculating the number of connected pairs encountered. In the absence of 
electron microscopic evidence of such specific targeting, these connectivity probabilities can, 
at best, guide further investigation in this regard. 
 
1.4.2. The efferents of L6 
 
In this section I review the targets of L6 neurons. Like the inputs to these neurons, the 
targets of their outputs also include cortical as well as subcortical sites. Subcortical sites 
include areas that project to L6, namely the thalamus and claustrum. Distant intracortical 
targets also mirror the input sources: the second somatosensory and motor cortices receive 
projections from L6 neurons in the primary somatosensory area; in addition the perirhinal 
areas also receive projections from this region of cortex. Like in other laminae, most of the 
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synapses of L6 neurons are made onto other cells in L6; but uniquely, neurons in this lamina 
are also known to form a very large source of synapses onto neurons in L4. These various 
targets are considered individually in this section starting with the subcortical sites. 
 
Subcortical targets 
 
The subcortical projections from L6 neurons predominantly target the thalamus, with a 
small proportion arborising in the claustrum. The cortico-claustral projection in the visual 
cortex of cats and monkeys arises from a specific type of projection neuron (Katz, 1987). 
While similar single cell studies in the rat somatosensory system have not identified 
claustrum targeting pyramidal neurons (Zhang and Deschênes, 1997), evidence for the 
projection comes from retrograde labelling studies, where the source of this projection is 
localised to L6 of various cortical regions including the somatosensory cortex (Kowia#ski et 
al., 1998). 
It is the cortico-thalamic projection arising from L6 however that is the most impressive 
numerically. Up to half the neurons in L6 of the rat somatosensory cortex are estimated to be 
of the CT type (Zhang and Deschênes, 1997), and this projection, in the cat visual cortex, is 
estimated to contribute about 50% of all the excitatory synapses on thalamic relay cells 
(Eri$ir et al., 1997; Van Horn et al., 2000). This CT projection from L6 to the thalamus is the 
quintessential feedback projection; the feedforward input to the cortex from the periphery is 
relayed via a small number of thalamic neurons, which in turn receive about ten times as 
many projections from the cortex that presumably modulate the signals being sent to cortex 
(Deschênes et al., 1998; Rouiller and Welker, 2000; Sherman and Guillery, 2002; Killackey 
and Sherman, 2003). 
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A very specific laminar organisation of CT neurons is seen in the visual system of 
primates (macaque monkeys and tree shrews) by the work of Fitzpatrick and colleagues 
(Fitzpatrick et al., 1985; Fitzpatrick et al., 1994; Usrey and Fitzpatrick, 1996). Here, neurons 
projecting to the parvocellular layers of the LGN are located in the upper half or third 
(Fitzpatrick et al., 1994) of L6 and those projecting to magnocellular LGN laminae residing 
lower in L6 of the primary visual cortex. Interestingly, projections from the two LGN 
pathways have terminal fields restricted to the corresponding regions of L6, i.e. parvocellular 
axons terminate in upper L6 and the magno- pathway in lower L6 (Hubel and Wiesel, 1972; 
Hendrickson et al., 1978; Blasdel and Lund, 1983). 
In the rat visual and somatosensory systems (Bourassa and Deschênes, 1995; Zhang and 
Deschênes, 1997; Killackey and Sherman, 2003), a similarly tiered organisation of cells in 
seen within L6 with respect to projections to the thalamus. Corticothalamic cells projecting to 
the specific relay nuclei of the thalamus (LGN and VPm, respectively) are located in L6a, 
while those projecting to the non-specific nuclei (lateral posterior and posterior nuclei, 
respectively) are located in L6b. Zhang and Deschênes (1997) further elaborate on the 
differences in the dendritic and intracortical axonal collaterals of these two groups of CT 
neurons within L6. This organisation of separate CT populations in L6 of the rat 
somatosensory cortex, represented as a schematic by Killackey and Sherman (2003), is 
presented in Figure 1.7. 
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Figure 1.7: Schematic summary of TC and CT connections 
This figure, taken from Killackey and Sherman (2003), shows the relationships between the 
thalamus (VPm and Po nuclei) and the primary somatosensory cortex in the rat. 
 
The synapses mediating the corticothalamic feedback have been shown to display paired-
pulse facilitation in the thalamic cells in the LGN of guinea pigs (von Krosigk et al., 1999), 
the LGN and lateral posterior nucleus (LPN) of rats (Granseth et al., 2002; Li et al., 2003) 
and the VPm and Po nuclei of mice (Reichova and Sherman, 2004). The size, dynamics and 
receptor composition of this synapse formed by L6 CT neurons lies in stark contrast to those 
formed on the same cells either by retinal input or cortical L5 neurons (Granseth et al., 2002; 
Li et al., 2003; Reichova and Sherman, 2004); the synapses in the thalamus by L6 CT 
neurons are therefore reminiscent of the intracortical synapses formed by the same cell type 
described in the studies mentioned above (Beierlein and Connors, 2002; Mercer et al., 2005; 
West et al., 2006). Due to differences in sensory system and species in the studies listed 
above, I list below the various properties of the corticothalamic synapse determined by each. 
1. A common finding by all studies on CT pathways is the facilitatory nature of the 
synapses formed by L6 neurons on thalamic relay neurons (von Krosigk et al., 1999; 
Granseth et al., 2002; Li et al., 2003; Reichova and Sherman, 2004). 
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2. CT stimulation results in both excitatory and inhibitory PSPs in thalamic relay neurons, 
the former showing paired-pulse facilitation and the latter depression (von Krosigk et al., 
1999). The IPSPs result most likely from activation of inhibitory neurons in the reticular 
nucleus of the thalamus, which also receive CT synapses (Gentet and Ulrich, 2004; Zhang 
and Jones, 2004). Though not tested explicitly, CT-reticular nucleus synapses could show 
paired-pulse depression owing to the larger quantal size and lower failure rates of this 
synapse when compared to synapses onto principal relay nuclei (Golshani et al., 2001; Gentet 
and Ulrich, 2004). 
3. CT synapses from L6 cells onto thalamic relay neurons involve metabotropic glutamate 
receptors in addition to AMPA and NMDA receptors, unlike synapses formed by L5 neurons 
and the retina, which are mediated solely by the latter two (McCormick and von Krosigk, 
1992; Salt and Eaton, 1996; Turner and Salt, 1999; von Krosigk et al., 1999; Reichova and 
Sherman, 2004). 
4. In paired-pulse protocols, the latencies of the second EPSP evoked by L6 neurons are 
shorter than the first, a phenomenon absent in the responses evoked by L5 neurons (Li et al., 
2003). This is reminiscent of the responses observed in L6 neurons by Beierlein & Connors 
(2002), consistent with the presence of supernormal conduction in CT axons arising from L6 
(Kelly et al., 2001). 
In summary, the facilitatory responses that are mediated, at least in part, by metabotropic 
glutamate receptors, can result in a slow, delayed excitation of thalamic relay neurons by the 
L6 feedback. This is coupled with a stronger and potentially temporally constrained 
excitation of inhibitory thalamic reticular neurons, which in turn inhibit relay neurons. The 
numbers of CT synapses, their diverse targets and specific synaptic tuning mechanisms 
understate the importance of the cortical control of ascending sensory information via L6 
neurons. 
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These features of the CT synapses lie in stark contrast to those of synapses formed by 
sensory afferents in the thalamus and the thalamic terminations in the cortex. These latter 
projections form only a small proportion of the synapses on their target cells, but these 
synapses are anatomically larger and formed predominantly on dendritic spines, and are 
physiologically stronger and mediated mainly by ionotropic receptors. These differences have 
given rise to the concept of two types of projections: drivers and modulators (Sherman and 
Guillery, 1998; Reichova and Sherman, 2004), the TC and CT projections being the 
stereotypical ‘driver’ and ‘modulator’, respectively. 
While there is much known about the anatomic and functional aspects of this CT 
projection from layer 6, the exact role of such feedback in sensory processing however still 
remains to be understood from a functional perspective; experiments in this regard are briefly 
reviewed later in this chapter. 
 
Intracortical targets 
 
About half the pyramidal cells in L6 of the rat somatosensory cortex are corticothalamic, 
but the other half of cells do not project out of the cortex and target other cortical regions and 
are therefore termed corticocortical (Wise and Jones, 1977; Zhang and Deschênes, 1997). 
Similar non-projecting neurons are also seen in the visual cortices of the mouse (Burkhalter, 
1989), cat (Katz, 1987) and monkey (Wiser and Callaway, 1996). In the study by Zhang and 
Deschênes, the authors followed axons of individual L6 neurons to the motor or second 
somatosensory areas or the corpus callosum; the neurons included spiny cells of pyramidal 
and non-pyramidal morphologies.  While it is known therefore that such connections exist 
between the primary somatosensory and other cortical regions (Zhang and Deschênes, 1997, 
1998), their physiological properties and functional roles have yet to be determined.  
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Apart from the long-range projections, local (within the same cortical area) axonal 
arborisation patterns of L6 neurons are also stereotypical. The highly specific targeting of 
intracortical collaterals has been visible in different species and in tissue prepared in a variety 
of methods including Golgi staining (Lund and Boothe, 1975), bulk loading of neurons 
restricted to single laminae (Fitzpatrick et al., 1985; Burkhalter, 1989; Usrey and Fitzpatrick, 
1996) and single neuron labelling (Martin and Whitteridge, 1984; Wiser and Callaway, 1996; 
Zhang and Deschênes, 1997; Hirsch et al., 1998). Such experiments (and similar studies on 
other cortical laminae) have resulted in our current impression of how information is relayed 
within primary sensory cortices. 
However, it is the experiments in L6 of the primary visual cortex (V1) of the tree shrew 
that provide the clearest picture of the organisation of intracortical axons so far, owing much 
to the clear lamination of the cortex in this species. L6 neurons with axon collaterals targeting 
L4 are located the upper part of the lamina (L6a), and those targeting supra-granular layers 
are located deeper (L6b), bordering the white matter (Usrey and Fitzpatrick, 1996). 
This division has a parallel in the terminations of the geniculate projections in V1. 
Projections from laminae 1, 2, 4 and 5 of the LGN terminate mainly in cortical L4, while 
those from laminae 3 and 6 of the LGN ramify profusely in the supragranular cortical 
laminae (Conley et al., 1984; Usrey et al., 1992). The thalamocortical loop is completed in a 
similarly specific manner: CT cells in L6a terminate in the granular-projecting LGN layers 
and those in L6b terminate in the supragranular-projecting LGN layers. This organisation is 
summarised by Usrey and Fitzpatrick (1996) in their figure 14, and is reproduced here in 
Figure 1.8. 
The clear sub lamination in the visual cortices of carnivores and primates is however 
absent in the rodent visual and somatosensory cortices. In a similar study to that of Usrey and 
Fitzpatrick above, Burkhalter (1989) documented the different intracortical projections seen 
after bulk injections of a tracer at various depths in the rat visual cortex. Labelling of cells at 
Introduction and review 
48 
three depths in L6 resulted in three different profiles of labelled axon terminals, with the 
highest injection revealing a narrow projection to L4 and the deeper injections showing 
progressively wider arbours with a mainly supragranular ramification arising from the 
deepest injection. The schematic illustration of his results is reproduced in Figure 1.9. 
 
 
Figure 1.8: Intracortical axons of L6 cells in the visual cortex of the tree shrew 
Highly specific and complementary arborisations of thalamocortical and corticothalamic 
projections and of intracortical axon collaterals of L4 and L6 neurons in the visual system of 
the tree shrew (Usrey and Fitzpatrick, 1996). 
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Figure 1.9: Intracortical axonal projections from L6 in the rat visual cortex 
Intracortical terminals (small dots) revealed by bulk injections (large dots) at various depths in 
the primary visual cortex of rats (Burkhalter, 1989). 
 
Both these studies however have one drawback. Bulk injections, however small, result in 
the labelling of small groups of neurons, which precludes distinguishing differences between 
single neurons and their projections. Such injections cannot therefore discern different cell 
types that inhabit the same region of cortex. Individual cells in L6 and their axonal 
arborisations have been studied in the primary somatosensory cortex of the rat (Zhang and 
Deschênes, 1997) and the primary visual cortex of the cat (Hirsch et al., 1998) and monkey 
(Wiser and Callaway, 1996). 
In the rat, the authors restricted themselves to describing neurons in upper L6 where about 
half the juxta-cellularly filled excitatory neurons projected to the thalamus and the other half 
were corticocortical, projecting to the second somatosensory, motor and perirhinal cortices. 
No supragranular projection was seen, probably since no cells were filled in L6b. The studies 
in the cat and monkey document two basic cell types in L6 based on their intracortical axonal 
projection, one targeting L4 and the other avoiding L4 and ramifying in supra- and 
infragranular laminae. Furthermore in the monkey, Wiser and Callaway (1996) report that 
only 28% of the labelled neurons had an axon projecting into the white matter and no 
correlation was seen between intracortical ramification patterns and subcortical projection. 
In summary, it is clear that L6 is not only involved in the feedback to the thalamus and 
that a significant number of cells in this lamina take part in purely corticocortical relays. This 
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lends to the view of Zhang and Deschênes (1997) that L6 is a merging network for 
corticothalamic and corticocortical communications. 
 
The projection to L4 
 
The extensive arborisation of axons of L6 neurons in L4 has been documented in a 
number of studies in the somatosensory cortex of the rat (Zhang and Deschênes, 1997) and 
the visual cortex of the cat (Gilbert and Wiesel, 1979; Martin and Whitteridge, 1984) and 
monkey (Lund and Boothe, 1975), and the functional role of this projection has often been 
the subject of investigation. One controversy in this regard has been the identity of the target 
neurons of this projection. 
The type of neuron in L4 targeted by the L6 axons, whether inhibitory or excitatory, can 
potentially result in contrasting physiological and functional impact of L6 activity. Early 
studies in both the cat visual (McGuire et al., 1984) and mouse somatosensory cortices 
(White and Keller, 1987) concluded that the L6 projection targeted a disproportionately large 
number of inhibitory cells in L4 (greater than that expected based on the number of spiny and 
smooth dendrites in the neuropil). This selective drive to inhibition was proposed to give rise 
to end-inhibited receptive fields in L4 (Bolz and Gilbert, 1986). 
This conclusion has however been revisited since, both in the cat visual (Somogyi, 1989; 
Ahmed et al., 1994) and rat somatosensory and visual cortices (Staiger et al., 1996a, b; Hajós 
et al., 1997). The drawback of the previous studies had been the inaccuracies in assigning 
dendritic segments studied under the electron microscope to excitatory or inhibitory neurons. 
Serial EM reconstructions of short dendritic segments resulted in missing characteristic 
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dendritic spines, causing the authors to mistakenly label dendrites of spiny stellate neurons, 
which show fewer spines than pyramidal neurons, as belonging to inhibitory neurons. 
Ahmed et al. (1994) estimate, based on the EM characteristics of synapses from different 
sources, that a spiny stellate neuron in L4 receives 6% of its synapses from the thalamus, 
28% from other spiny cells in L4 and 45% from excitatory L6 neurons. Spiny stellate 
neurons, which outnumber inhibitory cells in L4 by at least 5:1 (Gabbott and Somogyi, 
1986), would therefore form the main target of L6 axons in L4. However, this still leaves 
36% of their sample of L6 boutons targeting inhibitory L4 neurons, which is larger than the 
20% expected if synapses were formed randomly with dendrites in L4. The study in the rat 
somatosensory cortex by Staiger et al. (Staiger et al., 1996a) however concludes that 
dendritic spines and shafts are equally likely to be targeted. 32% of the shaft synapses were 
formed on GABA-positive profiles, suggesting that only 14% of all L6 boutons in L4 
targeted inhibitory neurons, revealing no specific targeting of the inhibitory population. 
Physiologically, both excitatory and inhibitory effects are seen in L4 after extra-cellular 
stimulation in L6 (Ferster and Lindström, 1985b, a; Wirth and Lüscher, 2004). Direct 
evidence for targeting of excitatory neurons comes from experiments in slices of the cat 
visual cortex (Stratford et al., 1996; Tarczy-Hornoch et al., 1999). The latter studies reveal 
three physiologically differing inputs to L4 neurons that correspond to the three anatomical 
sources identified in Ahmed et al. (1994). 
Like the synapses formed by CT neurons onto other L6 cells (Beierlein and Connors, 
2002; Mercer et al., 2005) and thalamic neurons (von Krosigk et al., 1999; Li et al., 2003; 
Reichova and Sherman, 2004), the synapses formed by CT cells onto L4 neurons also display 
paired-pulse facilitation. Compared to L4-L4 excitatory synapses, the L6-L4 connections are 
weaker (0.21±0.14 vs. 0.95±0.65 mV), have a greater coefficient of variation (72±23 vs. 
21±12%) and lower release probabilities (0.37-0.56 vs. 0.69-0.98). No such direct evidence 
for L6 synapses onto inhibitory L4 neurons exists. 
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In conclusion, the excitatory L6 projection to L4 is one of the largest cortical connections 
due to both, the involvement of a large number of neurons in this projection and the large 
arbours formed in L4 by each such neuron. It forms the single largest excitatory source to L4 
neurons, both excitatory and inhibitory, and must therefore influence the output from L4 
significantly. Understanding this influence is one of the aims of this thesis. 
 
1.5. Summary of L6 circuitry 
 
The last few sections have reviewed studies on the afferents and efferents of L6 neurons 
and the connections they make locally; I have focused on data from the rat barrel cortex, but 
have presented data from other species for comparison and in cases where none exists in the 
rat. 
The main sources of input to L6 in the rodent primary somatosensory cortex are the 
thalamic nuclei and the motor and second somatosensory cortical areas, with a small 
projection arising from the claustrum. The output of L6 neurons is directed in a reciprocal 
manner to similar subcortical and cortical sites. Only the thalamic afferents have been studied 
in any detail, and while a detailed sub-laminar organisation of these terminations is seen in 
the visual cortices of the tree shrew and monkey, in the rodent barrel cortex two separate 
ramification patterns of the lemniscal (from the VPm nucleus) and para-lemniscal (from the 
Po nucleus) can be discerned. 
Within L6, at least two excitatory pyramidal cells types have been identified, one with 
axons projecting to the thalamus (CT) and intracortical collaterals arborising profusely in L4, 
and another projecting to neighbouring and distant cortical areas, but not subcortically 
(therefore CC). Other excitatory cell types with inverted and modified pyramidal, and bipolar 
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morphologies have been identified in this lamina, but our knowledge of these is rudimentary. 
In the visual cortices of mice, cats, tree shrews and monkeys another type of pyramidal 
neuron has been described, which have intracortical arborisations targeting supragranular 
laminae; the somata of these neurons are located deeper in L6. This type of cell also likely 
exists in the somatosensory cortex of rodents, but has not yet been described. 
Like the excitatory neurons, a diversity of inhibitory cells has been described in L6. 
Morphologically, two types of interneurons have been described in this lamina of this species 
and others, one that has ascending, inter-laminar axonal projections and another with axons 
restricted to the two infragranular layers. This classification, like other morphological, 
electrophysiological and molecular classifications of inhibitory interneurons, is not exclusive, 
and likely includes cells of various types in each subclass. An understanding of the various 
interneuron types from a functional perspective is yet to be achieved in cortex. A summary of 
this organisation is presented in Figure 1.10. 
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Figure 1.10: Schematic of 
L6 cell types and circuitry 
The main cell types described in 
L6 of the rat barrel cortex are the 
CT and CC neurons. Other cell 
types known to exist in L6, but 
not described in detail in this 
species, are shown on the right. 
Inhibitory cells are depicted by 
circles, axons by thick coloured 
lines, and boundaries of the barrel 
column by thick dotted lines. 
 
 
 
We know little about the interactions between the various neurons in this lamina apart 
from a repeated observation that CT neurons form facilitating synapses onto their cortical 
post-synaptic targets. This is unique for cortex, where most synapses linking excitatory 
neurons show short-term depression. Preliminary data on CC neurons suggest that they form 
depressing synapses onto other L6 neurons. No further data, anatomical or physiological, 
exists on their connections with distant targets. 
The largest number of synapses onto any cell in cortex generally arises from other neurons 
within the same lamina (Binzegger et al., 2004). The output of any cell in L6, excitatory or 
inhibitory, would depend to a great degree on the interaction with other cells within the same 
lamina, irrespective of the inputs arising from other cortical and subcortical sources, which 
form a small fraction of the synapses on these cells. Therefore, in order to understand the 
effect these cells will have on their targets outside L6 (both cortical and subcortical), one 
would need to understand the nature of the interactions between the different L6 neurons; this 
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requirement defines the work described in this thesis. The following chapters describe 
specific excitatory and inhibitory neuronal types in L6 from both anatomical and 
physiological perspectives, and later, the synaptic interactions between these different cells; 
the experiments and analyses involved are introduced briefly below. 
 
An introduction to the experiments and results 
 
All the experiments were conducted in-vitro in the rat barrel cortex. The in-vitro 
preparation provides a means to easily label and record from specific neurons in the cortex; 
multiple simultaneous recordings from more than one neuron extend this to the study of 
synaptic interactions between two neurons. This experimental setting was used to stain and 
record from single and synaptically connected neurons in L6; attempts were also made to find 
synaptically connected neurons in L4. The methods used are described in detail in the next 
chapter. 
The first chapter of the results presents data on single excitatory and inhibitory neurons in 
L6. Corticothalamic cells were identified by injecting a dye into the VPm thalamic nucleus 
in-vivo, which was retrogradely transported to the cortex to specifically label this population. 
The electrophysiological and morphological features of these cells are stereotypical and form 
a template for the classification of unlabelled neurons in L6. Criteria for the classification of 
labelled (CT) neurons are presented based on which a distinct, unlabelled, CC population can 
be identified. 
No in-vivo labelling was attempted for identifying inhibitory neurons. However, the 
axonal features of inhibitory neurons were used to differentiate between cells with axons 
projecting to the granular laminae and those without such cross-laminar extensions. A 
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correlation of the morphologically distinguished neurons with their electrophysiological 
properties is shown. Four types of neurons (two excitatory and two inhibitory) are thus 
defined in L6 from a structural and physiological perspective. 
The following chapter presents data on the synaptic interactions between these cell types. 
Three of four basic types of connections are explored: those between two excitatory neurons 
(E!E), excitatory synapses formed on inhibitory cells (E!I) and inhibitory synapses onto 
excitatory neurons (I!E); not enough data on I!I synapses was obtained.  All the 
connections can be studied based on both, the pre- and post-synaptic cells type involved. The 
properties of the connections and the rules that determine them are presented. 
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2. Methodology 
 
This chapter is divided into two sections, the first describing the experimental methods 
used to collect the data and the second detailing the techniques used to analyse the data. The 
experimental methods are described first, which include the procedures for retrograde 
labelling of corticothalamic neurons, brain slicing, in-vitro whole-cell recording and finally 
the histological methods used to visualise the recorded cells and reconstruct their dendritic 
and axonal arbours. 
 
2.1. Experimental methods 
 
The experiments were carried out in 90 Wistar rats aged between P13 and P23. Some 
animals (n = 37) were injected in-vivo with a retrograde label in the VPm nucleus of the 
thalamus. Brain slices were obtained from injected and non-injected animals and neurons in 
L6 and L4 were targeted for whole-cell patch clamp recordings. Cells were filled with 
biocytin during the recording session, which was later visualised to reveal the structure of the 
neurons. 
 
2.1.1. Retrograde labelling of CT neurons 
 
A fluorescent neuronal tracer, tertramethylrhodamine-coupled dextran (TMR-Dextran, 
3000 MW, Invitrogen) was injected into the VPm thalamic nucleus of 37 Wistar rat pups 
aged P13-15; two or three pups were injected per litter. Four or five pups (more than the 
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required numbers) were separated from the dam prior to the procedure. The animal was 
anaesthetized with a mixture of Ketamine (Narketan, Chassot, Switzerland) and Xylazine 
(Rompun, Bayer Leverkusen, Germany) in a ratio of 9:1 (63 and 7mg/kg, respectively) 
injected intra-peritoneally. The depth of anaesthesia was monitored during the procedure by 
checking the hind-limb withdrawal reflex and a supplemental dose was administered if 
required; generally no supplement was required during the injections, which lasted about one 
hour. 
 The animal was fixed into the stereotaxic frame when the withdrawal reflex was 
abolished. The skull was exposed and a tiny burr hole made above the thalamus using the 
following coordinates modified from Kaneko et al. (1996) owing to the younger age of the 
animals used in this study: 3.1mm posterior and 2.8mm lateral from the bregma. The dura 
was cut and about 200nl of TMR-Dextran slowly pressure-injected at a depth 5.3mm below 
the pial surface using a glass micropipette attached to a pneumatic pump (NeuroPhore BH2, 
Digitimer Ltd., UK). The pipette was left in-situ for about five minutes before withdrawing it 
and repeating the procedure on the other side. The scalp was sealed using skin clips since 
traditional sutures were often chewed out by the dam. 
The procedure lasted approximately one hour from when the animal is injected with the 
anaesthetic to being taken out of the stereotaxic apparatus. The injected animals were allowed 
to recover from the anaesthesia before all the pups, injected or not, were returned to the dam 
in the home cage. No case of rejection or cannibalism by the dam was observed. 
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2.1.2. The slicing procedure 
 
The injected animals were decapitated when between the ages P19-23, i.e. 4-7 days after 
the injection; earlier experiments did not involve thalamic injections (n = 53) and brain slices 
were obtained from these animals at P14-16. The brain removed and placed in ice-cold aCSF 
(containing, in mM, 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2 & 25 
Glucose) constantly oxygenated with a mixture of 95% O2 & 5% CO2. The brain was sliced 
in the same conditions.  
About eight 300!m thick slices were obtained from each hemisphere. Slices were 
immediately moved to a submersion chamber with aCSF maintained at 37
o
C for the duration 
of the slicing process (about 30 minutes) and then allowed to recover at room temperature 
(21-24 ºC) for at least 1 hour before the recording. 
The angle of the slice used is a modification of the thalamocortical slice described in mice 
by Agmon and Connors (1991), and rats by Land and Kandler (2002). The modification was 
required to have the apical dendrites (and L4-projecting axon collaterals) of L6 neurons 
oriented parallel to the slice in the region of the barrel cortex, in order to minimise the 
severing of these processes. It involved increasing the downward slope of the brain from the 
10º used in the studies above to 30º. The blocking cut used was retained at 50º to the sagittal 
plane, as in the latter study on rats. This angle also results in slices that are roughly parallel to 
the barrel rows in L4 (Ajima and Tanaka, 2006b), such that all the barrels in one slice 
represent one whisker row on the snout of the animal. 
Another modification was made to obtain slices from both hemispheres. This was done by 
separating the hemispheres and placing them with the medial surface down on a Plexiglas 
plate. The blocking cut was carried out thus, with the brain rotated about its antero-posterior 
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axis. The ventral surface was supported at a 30º angle with the anterior pole lower than the 
posterior; the blade brought down at a 50º angle to the lateral surface of the brain, parallel to 
the vertical axis, starting about 2mm from the posterior pole and ending more anteriorly at 
the medial surface. 
The cut surface of the hemisphere was glued with cyanoacrilate onto the cutting block of a 
vibrating microtome (Sigmann Elektronik, Germany). 300!m thick slices were obtained 
starting about 4mm from the anterior pole of the hemisphere (after encountering the dorsal 
hippocampus). The most optimally preserved L6 neurons within the barrel cortex are seen in 
the fourth to sixth slices thus obtained. The thalamic injection was usually visible more 
posteriorly, as a small, red spot medial to the internal capsule. 
 
2.1.3. Electrophysiology 
 
All recordings were conducted in a submersion chamber constantly perfused with aCSF at 
the rate of 2-3ml/min. The aCSF was warmed to maintain a batch temperature of 34-36 ºC, 
and oxygenated with a mixture of 95% O2 and 5% CO2. 
The slices and cells were visualised using an upright microscope equipped with 
fluorescence and IR-DIC optics (Olympus BX61WI, Switzerland). TMR-Dextran labelling 
was visualized under fluorescence, at low power (10X objective) to confirm the site of 
thalamic injection and the location of cortical labelling vis-à-vis the L4 barrels in the cortex 
seen using IR-DIC optics. The orientation of the slice with respect to the L6 neurons was 
established by following, under a 60X objective, the apical dendrites of the fluorescently 
labelled neurons into L4. The recording site was chosen based on the confluence of an 
optimally oriented region of the barrel cortex in the slice and the retrograde labelling of L6 
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cells from the thalamus. Cells in L6 (both labelled and unlabelled) and directly above in L4 
were targeted in this region for whole-cell recordings. In cases where no injection was made 
in the thalamus, the orientation of the neurons was ascertained by following the highly 
contrasted apical dendrites of dead neurons at the surface of the slice. 
Somatic whole-cell patch-clamp recordings were made in current-clamp mode 
(Multiclamp-700a amplifier, Axon Instruments, Foster City, CA) from neurons in L6 and L4 
of the barrel cortex; a maximum of two neurons were simultaneously recorded. Patch pipettes 
were pulled from borosilicate capillaries (2mm outer diameter, 0.5mm wall thickness, 
Hilgenberg, Germany). Typically, pipettes had tip-diameters of 1.5-2.5µm and a 4-8M% 
resistance when filled with recording pipette solution. The pipette solution contained, in mM, 
135 K-gluconate, 4 Mg-ATP, 5 Na2-Phosphocreatin, 0.3 GTP, 10 Hepes and 4 KCl (or 10, as 
mentioned in specific cases). The low [Cl
-
]i was used to lower the reversal potential of 
chloride ions, to facilitate IPSP detection at resting potentials. The pH was adjusted to 7.2 
and osmolarity to 280-290 mOsm. Biocytin (Sigma; 0.25-0.5%) and, in some cases, a green 
fluorescent dye (Alexa Fluor 488 hydrazide, Invitrogen, Switzerland; 10mM), was added to 
the pipette solution prior to recording. 
Data acquisition was done online through an A-D converter (Digidata 1322, Axon 
Instruments, Foster City, CA) at a sampling rate of 10kHz and filtered at 3kHz. Liquid-
junction potential was corrected, the access resistance continuously monitored and bridge 
potential compensated. Typical access resistances under these conditions were between 6-
25M%. 
Typically, the recording session started with an attempt to find connected neurons between 
L6 and L4. After obtaining a stable, low-impedance recording from a retrogradely labelled 
L6 pyramidal cell, cells in L4 were recorded in the attempt to find a cell synaptically 
connected to the first. About four L4 neurons were sampled per CT cell before moving onto 
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another CT neuron; the two recorded cells were examined for connections in both directions 
(L6!L4 and L4!L6). If such a connection was not encountered, cells within L6 (labelled 
and unlabelled, the latter including inhibitory neurons) were tested for connections. 
The biophysics and firing patterns of most recorded neurons was tested by recording 
responses to 500ms-long hyperpolarising and depolarising rectangular current pulses of 
varying strengths. The presence of synaptic connections was tested by evoking trains of four 
spikes in one of the neurons and recording the membrane potential of the other cell. The 
spike trains were evoked with strong (0.6-1.4nA), short (3-5ms long) depolarising pulses at 
50 or 100Hz. When the presence of an EPSP or IPSP was unambiguously established, the 
synapse was tested using similar trains at a variety of frequencies. A single spike was usually 
elicited 500ms after the end of the train to test recovery from repeated activation. Trains were 
repeated at a minimum of every 15 seconds. Responses to single spikes repeated every five 
seconds were also tested. The cells were held for as long as the recording remained stable 
(access resistance < 30M%), after which the slice was placed in cold fixative. 
 
2.1.4. Histological methods 
 
At the end of the recording session, the slice was immediately transferred into cold 
fixative solution containing 4% paraformaldehyde, 0.3% glutaraldehyde and 15% picric acid 
in 0.1M phosphate buffer (PB). The slices containing the thalamic injection were also fixed 
to image the site. Images of the recorded cells (filled with the Alexa dye) were also obtained 
from the fixed slice. The histological process to reveal intracellular biocytin was begun 1-3 
days after the recording session. 
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The protocol for revealing the intracellular biocytin and cytochrome oxidase staining in 
the slice is listed below. Briefly, after a series of washes in phosphate buffer (PB), the 
endogenous peroxidase activity is quenched by exposure to hydrogen peroxide. Cell 
membranes are permeabilized using a detergent solution after which an avidin-biotin 
complex is formed with the intracellular biocytin. This complex is revealed by the 
diaminobenzidine (DBA) reaction, which results in a brown reaction product (black, if 
nickel-intensified). 
The barrels in L4 are then stained by the cytochrome oxidase method (Wong-Riley and 
Welt, 1980b; Land and Simons, 1985). The nickel used to reveal intracellular biocytin results 
in the recorded neurons stained black and contrasted against the barrels, which are stained 
light brown by DAB used alone. 
 
In vitro processing for biocytin and CO histochemistry 
 
1. Washes in 0.1M phosphate buffer (PB): 3x10’. All washes are at pH 7.4 unless 
otherwise mentioned. 
2. Quenching of endogenous peroxidase activity: 1x5’. This is performed in a 1% 
solution of hydrogen peroxide in PB (667µl of 30% H2O2 in 20ml PB). Bubbles are observed 
on the surface of the slice during this procedure. 
3.  Washes in 0.1M PB: 3x10’, until all the signs of the peroxide reaction disappear. 
4. Permeabilization of membranes: 1x1hour, in a 1% Triton solution (200µl Triton in 
20ml PB). 
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5. The avidin-biotin complex (ABC): In ABC solution for 2h at room temperature or 
overnight at 4ºC. The ABC solution (100µl Triton + 8drops each of solution A & B of the 
ABC kit (Vectastain Elite, Rectolab, Switzerland) in 20ml PB) is prepared 30’ before use. 
6. Washes in 0.1M PB: 3x10’. 
7. Diaminobenzidine (DAB) reaction to reveal the biocytin. The DAB reaction is carried 
out either with or without nickel intensification. DAB solution: 0.05% DAB in PB + 0.1% 
H2O2 (10mg DAB + 66.7µl of 30% H2O2 in 20ml PB). The biocytin stained cells are clearly 
visible in about 10’. NiDAB solution: 120mg NiNH4SO4 + 3mg DAB in 20ml of tris buffer 
(TB at pH 8.0) for 10’, after which the biocytin is revealed by adding 5µl/ml of a 1% H2O2 
solution. 
8. Washes in 0.1M PB: 3x10’. The DAB reaction is terminated by the wash. 
9. Cytochrome oxidase (CO) staining: 3x1hour at 37ºC. The CO solution is prepared in 
two steps. A stock solution of 45ml double distilled water (DDW) + 4g sucrose + 50mg DAB 
is vortexed until the DAB dissolves. Add 45ml of 0.2M PB and divide the stock solution into 
three parts. Add 7mg catalase + 10mg cytochrome c (Sigma, Switzerland) to each portion, 
vortex and filter before use. Replace with fresh CO solution 2-3 times (required for thick 
slices; once is adequate for 50-80µm thick sections). Monitor the reaction and stop when 
layer 4 barrels are clearly visible. 
10. Washes in 0.1M PB: 3x10’. 
11. Mounting the slices in Mowiol (Fluka, Switzerland). 
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2.1.5. Morphological reconstructions 
 
The axonal and dendritic morphology of the biocytin-filled neurons was reconstructed in 
3D using the Neurolucida (MicroBrightField, USA) system. Reconstructions were performed 
using either the 40X or 100X oil immersion objective (the barrel structure was drawn at low 
magnification) and not corrected for shrinkage in the z-dimension (thickness of the slice). No 
obvious shrinkage was observed in the x-y plane, judging from the tortuosity of neuronal 
processes. 
Dendritic processes were followed till their natural terminations or artificial ends at the top 
or bottom of the slice. Axonal processes however are much thinner and were often hard to 
follow through the depth of the slice; the reconstructions are therefore incomplete. Tree 
terminations resulting from the slicing process (top and bottom artificial ends) are treated 
differently from those due to inadequate filling and difficulties in visualisation, which occur 
within the slice thickness (middle artificial ends). 
Cortical dimensions were measured in every slice in which a neuron was reconstructed. 
Three laminar boundaries could be discerned in all these slices, the pial surface, lower border 
of L4 and the white matter (WM), and were traced in all reconstruction; distances of the soma 
from these boundaries were measured. Pial-WM (cortical thickness) and L4-WM 
(infragranular thickness) were used to normalise the reconstructions, as explained in the 
following section. 
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2.2. Data analysis 
 
This section details the methods used to analyse the anatomical and physiological data 
obtained from single and synaptically connected pairs of neurons. The first part of the results 
deals with the classification of individual excitatory and inhibitory neurons in L6. This 
classification is based on the structure, biophysics and firing patterns of each neuron. 
 
2.2.1. Morphological analyses 
 
All reconstruction files were imported into the Matlab (The Mathworks, Inc.) environment 
using custom written routines, where the trees were analysed and plotted. Tree structure 
analysis was performed on the unaltered reconstruction; tree lengths with respect to cortical 
lamination were calculated after normalising the reconstruction to the dimensions of an 
average slice, as explained below. 
The conventions used in the anatomical analyses are as follows. The y-axis of the 
reconstructions is along the ventro-dorsal direction of the slice, from the white matter to the 
pial surface along the apical dendrite of pyramidal neurons; the x-axis refers to the direction 
across barrel columns in the plane of the slice, perpendicular to the y-axis; the z-axis is the 
direction through the thickness of the slice (300!m long). The thicknesses of the laminae 
refer to the distances in the y-axis between laminar boundaries. 
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Normalisation of neuronal reconstructions 
 
Cortical depth and laminar dimensions vary between animals and cortical regions. In order 
to compare the length of axon and dendrite in each lamina between cells in different slices 
from different animals, the reconstructions were normalised to the average thickness of the 
barrel cortex of rats. Since the neurons in this study rarely had processes extending above L4, 
the infragranular thickness was used for the normalisation. The normalisation factor (NF) was 
calculated for each reconstruction as follows. 
! 
NF =
L4 - WM distance in the slice of the reconstruction
Mean L4 - WM distance over 54 slices
 
The neuronal dimensions in the y-axis only were multiplied by the NF; dimensions in the 
x- and z-axes were not changed. This allowed the vertical dimensions of the neurons to be 
compared with respect to laminar thicknesses in slices from different animals. 
Individual laminar boundaries could not be visualised in my data, where the slices were 
stained for cytochrome oxidase activity; individual laminar thicknesses were therefore 
estimated based on earlier reports. Three studies have determined the total cortical 
(1898±160, 1930±49 & 1827!m, respectively) and infra-granular (1052±66, 1069±64 & 
1095!m, respectively) thicknesses in the rat primary somatosensory cortex (Beaulieu, 1993; 
Skoglund et al., 1996; DeFelipe et al., 2002); all these numbers agree very closely to the two 
respective dimensions measured in my slices (1889±102 & 1088±97!m). Thicknesses of 
each lamina measured in these studies, and the rounded values used based on them, are 
presented in Table 2.1. 
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Table 2.1: Laminar thicknesses (in !m) measured by three studies 
Thicknesses of cortical laminae measured in three studies in the rat primary somatosensory 
cortex. †, barrel subfield; §, hind limb area; *, value for L2-3. 
 
 
Analyses of neuronal structure 
 
Differences were observed in the principal descending branches of L6 pyramidal neurons 
in this study, some of which, like the thickness of the descending axon, could not be 
quantified owing to the limits of light microscopy. Others, like the number of branch points 
arising from the descending axon and the distances at which they emanated were measured; 
these measures were made in the non-normalised trees. The distribution and lengths of 
dendritic and axonal branches with respect to the cortical laminae were plotted in the 
normalised reconstructions. 
Differences in axonal collateral branches were quantified by the axon directionality, which 
indicates the direction in which the axonal segments are situated with respect to the soma. 
Reference Beaulieu, Skoglund et al., DeFelipe et al., This study Rounded value
1993
†
 1996
§
2002
§
Layer 1 (µm) 168±23 186±36 123±4.9 150
Layer 2 204±36 200
Layer 3 438±56* 238±32 457±9.4* 250
Layer 4 240±40 233±37 152±7 200
Layer 5 451±72 465±63 530±9.5 500
Layer 6 601±63 604±65 565±11.5 600
L4-WM 1052±66 1069±64 1095±10.2 1088±97 1100
Pia-WM 1898±160 1930±49 1827 1889±102 1900
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The length of each axonal segment in the reconstruction was added to one of ninety angular 
bins (each a sector of 4º) based on its orientation with respect to the soma in the x-y plane. 
All reconstructions are presented such that the left (negative x-) side is the postero-medial 
direction in cortex, which is towards the larger barrels in the row; the positive x-direction 
points antero-laterally and towards the smaller barrels, since the blocking angle of 50º is 
roughly parallel to the barrel rows (Ajima and Tanaka, 2006b). 
 
2.2.2. Single cell physiology and biophysics 
 
Data was collected and visualised using the pClamp software (Molecular Devices), 
exported and analysed offline, using custom written routines in Matlab. 
The resting membrane potential (Vrest) was measured immediately after establishing the 
whole-cell recording configuration; it was taken as the mean resting membrane potential 
during the first stimulus protocol, usually to measure the current-voltage (I-V) relationship in 
the cell. The time constant of the membrane (!) was calculated as the time taken to reach 1/e 
times the minimal membrane potential reached in response to a -50pA hyperpolarizing 
current, as given by the equation below, where V is the membrane potential after time t, and 
V0 the potential at time t = 0. 
! 
V =  V0 "  e
-t/#  
The time-constant ! therefore is the time when the membrane potential V = V0 x e
-1
. 
The input resistance (Rin) of the cell was calculated as the slope of the linear fit to the I-V 
relationship for currents between -70 and 30pA. Steady-state membrane potential values in 
response to 500ms long pulses were used; traces with spikes were discarded. 
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Properties of the action potential generated by the neuron were calculated for the first 
spike generated by the neuron in response to the rheobase current (the minimal current of 
infinite duration that results in the discharge of an action potential; practically, a 500ms-long 
pulse was used). Properties of the first action potential generated in response to this stimulus 
were compared between neurons; responses to twice-rheobase current were used to compare 
properties of spike trains, e.g. average train frequencies and adaptation. 
 Spike amplitude was measured from Vrest to the peak of the action potential. Spike 
threshold was calculated as the potential where the second derivative trace of the membrane 
potential crossed an empirically determined threshold in a small window before the peak, 
which was confirmed by close visual inspection; both absolute and relative (to Vrest) values 
are reported. The latency of the spike is defined as the time from the start of the rheobase 
current pulse to the time at which the threshold for spiking is reached. The threshold-to-peak 
amplitude was used to measure the spike half-width (HW), which is the full-width at half 
amplitude. 
Current-frequency (I-F) relationships were plotted for both, the average firing rate (Favg) 
and the first instantaneous frequency (F1) in spike responses to increasing current intensities 
(500ms long pulses). The I-F plots were fit with a sigmoid function describing an integrate-
and-fire neuron (Rauch et al., 2003) as follows. 
! 
F =
Fmax
1+
S
I " I0
#$ I " I0( )  
The output frequency F is a function of the current, I, and is determined by the following 
parameters: Fmax, the saturating value of the firing frequency, S, a steepness factor that 
inversely related to the slope of the I-F relationship, and I0, the rheobase current. " is the 
Heaviside function that ensures a non-zero output frequency by ignoring currents lower than 
rheobase. 
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Only the cells where sufficient current intensities were injected to cause a saturation of the 
average firing rate (typically at frequencies around 40Hz for excitatory neurons) were used in 
the analysis. Since the stimulus range used for each cell differed, the parameters of the fitted 
model for each cell were used to generate I-F curves for currents ranging form 0 to 1nA. 
These curves were then averaged for cells determined to be in the same morphological class. 
The average and first and second instantaneous frequencies in the spike train (Favg, F1, F2, 
respectively) as well as measures of spike frequency adaptation in response to twice-rheobsae 
current were used to compare spike trains between cells; only trains with 7 or more spikes 
were considered. The time constant of adaptation was calculated (only for excitatory neurons 
that show a decrease in spike frequency) using a single exponential fit to the instantaneous 
frequencies in the train as given below. 
! 
F = F1" e
-t
# +Fad  
! is the time-constant of decay of spike frequency, and Fad the adapted firing rate, or 
steady-state frequency reached in response to the current injection. F1 was taken as the first 
instantaneous frequency that was not part of a burst (some neurons fire doublets and triplets 
with inter-spike frequencies in excess of 100Hz, with the membrane potential not returning to 
baseline between spikes). Bursts are therefore not considered in the analysis of spike 
frequency adaptation. The adaptation index (AI) in the spike train was calculated as follows. 
! 
AI =
Fad
F1
"100  
A high AI close to 100 implies minimal change in spike frequency within the train, and 
vice versa. 
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2.2.3. Synaptic physiology 
 
The data on the synaptic physiology consists of changes in the post-synaptic membrane 
voltage in response to action potentials, evoked singly or in trains, in the pre-synaptic neuron. 
Spike train stimuli at various frequencies were repeated with a minimum interval 15 seconds 
between trials (single spikes were repeated every 5 seconds); the long delays were used to 
avoid synaptic ‘run-down’ that was observed in some connections early in the study. 
The average amplitude and kinetics of the post-synaptic response (PSP) were calculated 
from the response to single pre-synaptic action potentials (responses to the first spike, PSP1, 
were also used in trains of frequency 20Hz or less). The coefficient of variation (CV) of the 
amplitude was calculated as the ratio of the standard deviation of the amplitude to its mean, 
and expressed as a percentage. In the case of inhibitory connections, most trials were 
conducted with the post-synaptic membrane potential held at -50mV; for excitatory 
connections the responses were measured at Vrest. 
Due to the high rate of spontaneous events in the post-synaptic potential trace, the 
response to each spike was manually inspected, and the time window containing the PSP 
delineated. A failure of release was concluded if the maximal change of amplitude in this 
window was less than three times the standard deviation of noise measured in the 50ms 
preceding the first spike. The latency of the PSP was measured from the time of the peak of 
the action potential to the time when the post-synaptic potential reached 5% of the maximal 
response amplitude. The amplitudes, failures and latencies were calculated for each response 
of every trial. 
The rise and fall kinetics of the PSP were determined for the average PSP1. The rise-time 
was calculated between 20 and 80% of the PSP amplitude. The slope of the rising phase of 
the PSP was calculated from a linear fit and the decay time constant determined from a single 
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exponential fit to the falling phase of the PSP. The half-width was calculated as the full-width 
at half-height, measured between the two fitted lines. 
In the case of inhibitory synapses, the potential for summation of individual responses at 
high frequencies was measured by two methods. The first, the summation index (SI) was 
defined as follows. 
! 
SI =
Maximal hyperpolarization after spike #  8
Average PSP1 amplitude
 
Another measure was the time required for the membrane potential to return to baseline 
after the end of the eight-spike train: synapses where the IPSP is integrated result in a 
hyperpolarisation that lasts much longer than in synapses where the membrane potential 
recovers to Vrest after each response. Both were calculated for trains at 100Hz. 
Responses to spike trains between 1 and 100Hz were tested. While paired-pulse (PP) 
ratios were calculated for every frequency tested, those reported for each connection are 
averages of responses to stimuli at 10Hz. PP ratios were calculated by dividing the mean 
amplitude of PSP2 by the mean PSP1 amplitude (both including response failures). Steady-
state ratios were calculated as the mean of PSP6-8 with respect to PSP1. 
The baseline for determining the amplitudes of successive PSPs evoked at high 
frequencies (where there was no time for the membrane potential to return to the pre-stimulus 
baseline) were calculated after fitting a single exponential to the descending phase of the 
preceding PSP. The amplitude was calculated from the peak of the PSP to the fitted decay of 
the membrane potential. 
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2.2.4. Statistical methods 
 
In the first set of results, anatomical and physiological parameters were compared between 
two groups of neurons; in the second, two sets of synaptic connections are compared. The 
distribution of each parameter for each set of cells or synaptic connections was checked for 
normality using the Lillie test. T-tests were used for pair-wise comparisons in case of 
normality, and the non-parametric Kolmogorov-Smirnov (KS) test used otherwise. The 
Bonferroni correction was employed to avoid false-positives by dividing the significance 
level for each test (0.05) by the number of pair-wise comparisons performed on the data set. 
The p-value is reported for each parameter compared between groups; the area under the 
receiver-operator curve (ROC) was calculated for each parameter that differed significantly. 
All fitting procedures used the non-linear least-squares method. R-square values are 
reported for the fits and also, where relevant, the confidence limits of the resulting values of 
the variables. Further details, where necessary, are provided along with the results. 
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3. Cell types in L6 of the rat barrel cortex 
 
Personal contribution All in-vivo injections, physiological experiments and data 
analyses were conducted by me. I acknowledge the contribution of Simone Rickauer in 
providing technical help and in the reconstruction of some neurons. Felix Biessman 
contributed some Matlab routines for the analysis of data. I prepared the manuscript. 
 
 
All sensory information barring olfaction enters the cortex via the thalamus. The neurons 
in the principal relay nuclei of the thalamus, which act as the conduit for this information, 
synapse mainly onto cells in layer 4 (L4) of the primary sensory cortex; these L4 neurons 
form the first cortical stage of sensory information processing. Neurons in layer 6 (L6) of 
primary sensory cortices are in the unique position of being able to influence the relay of 
sensory information both to and from L4, since they form the largest source of excitatory 
synapses to both thalamic relay and cortical L4 neurons (Ahmed et al., 1994; Eri$ir et al., 
1997; Van Horn et al., 2000). This thesis attempts to understand the nature of this influence. 
The cortical network is a complex system; an understanding of the functioning of such a 
complex system can arise from the knowledge of its underlying structure. The structure, in 
this case, is the organisation of the network, i.e. the anatomical and physiological classes of 
cells involved and the manner in which they are interconnected. Therefore, in order to 
understand the role played by L6 cells in the processing and relay of sensory information, I 
have studied the neurons that constitute the cortical layer 6 of the rat somatosensory system 
and the synaptic connections formed by, and onto, these neurons. In this chapter I present my 
data and conclusions on the types of neurons found in L6, using morphological and 
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physiological measures to classify and differentiate excitatory and inhibitory cell types in this 
lamina. In the next chapter, I apply the knowledge gained on the component cell types to 
understand the rules of synaptic connectivity between neurons in L6. 
The first chapter of the thesis has reviewed in detail our current understanding of the cell 
types in this layer. Briefly, at least two excitatory cell types are known to exist in L6 of the 
rat barrel cortex, the corticothalamic (CT) and corticocortical (CC) neurons. CT cells form 
the basis of the numerically large excitatory projection from L6 to both L4 and the thalamic 
nuclei; CC neurons, on the other hand, project to other cortical regions, both in the same 
hemisphere and across the callosum (Zhang and Deschênes, 1998). 
Inhibitory cells in L6, like their counterparts in the upper laminae, belong to a variety of 
classes. Based on the expression of molecular markers, Kawaguchi and Kubota (1997) 
estimate in the rat frontal cortex that about half the inhibitory cells in L6 express parvalbumin 
(PV) and the rest can be divided into somatostatin (SOM) and vasoactive intestinal 
polypeptide (VIP) expressing neurons. A review by Markram et al. (2004) estimates that 
about half of L6 interneurons in the barrel cortex, based on their morphological features, 
belong to the Martinotti cell class (Wang et al., 2004). Recent work on SOM-positive 
neurons, which includes the Martinotti cells, reveals the anatomical and physiological 
diversity among these neurons (Halabisky et al., 2006; Ma et al., 2006); more work is 
therefore required to understand the functional classes of interneurons in this cortical lamina. 
The structure of a neuron defines, to a large extent, its function. The axonal tree 
determines the region of influence of a neuron, and the dendrites of a cell determine its 
relation to the axons, and therefore the influence, of other neurons. Both inhibitory and 
excitatory cells in L6 have been shown to differ widely in these aspects (Lund et al., 1988; 
Zhang and Deschênes, 1997). The physiological properties of the cells, i.e. the membrane 
biophysics and action potentials, further define the manner in which a neuron integrates and 
relays information; these are also known to differ between classes of excitatory and inhibitory 
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cells (McCormick et al., 1985; Kawaguchi and Kubota, 1993; Nowak et al., 2003). It is based 
on these aspects of neurons, i.e. their morphological and physiological properties, that I 
define the neuronal complement of L6. 
 
3.1. Retrograde labelling of CT cells 
 
An essential element of this study is the unambiguous identification of one neuronal 
population in L6. This was achieved by injecting a dye into the VPm thalamic nucleus where 
the CT neurons in L6 form terminal axonal arborisations; retrograde transport of the dye 
therefore selectively labels this population of neurons in L6. Based on the defined 
morphological and physiological features of these neurons, other populations of excitatory 
neurons in L6 with co-varying morphology and physiology were identified. Inhibitory cells, 
though not labelled by the thalamic injection, were also differentiated based on their axonal 
morphologies. 
A fluorescently tagged tracer, tetramethylrhodamine dextran (TMR-Dextran, MW 3000) 
was injected into the VPm nucleus of the thalamus in P14 rats, as described in the previous 
chapter on methodology. Brain slices were obtained by sacrificing the animals after a 
recovery period of 4-7 days and visualised under a fluorescence microscope. Retrogradely 
labelled neurons in the barrel cortex were visualised and targeted for whole-cell patch-clamp 
recordings. 
After the injection into the VPm thalamic nucleus, a single, wide band of labelled cell 
bodies was seen in the barrel cortex, which was restricted to the upper half of L6. Figure 3.1 
shows an image of a brain slice from a P20 rat in which such an injection was carried out six 
days earlier. The slicing angle was similar to that used to preserve thalamocortical projections 
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(Land and Kandler, 2002), but modified to have the slices oriented parallel to the apical 
dendrites of L6 pyramidal cells. 
The image in panel A is of the slice after histological processing for intracellular biocytin 
(filled neurons indicated by the arrow) and cytochrome oxidase activity, which reveals the 
barrels in L4 (indicated by the arrowheads). Since the slicing angle is also roughly along the 
direction of barrel rows, all the barrels seen in the upper panel likely correspond to the same 
row of whiskers on the snout of the animal. 
Panel B shows the fluorescence image of the same slice and reveals the result of the 
injection of TMR-Dextran into the VPm nucleus. The dashed circle indicates the area 
corresponding to the injection site in a more posterior slice; the VPm nucleus seen in panel A 
corresponds to the site of injection. Non-specific staining of fibrous tissue is seen all over, but 
the specific cortical labelling is seen restricted to L6 (indicated by the arrow). The area 
outlined by the white box is magnified in Figure 3.2A. 
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Figure 3.1: TMR-Dextran labelling of the corticothalamic projection 
A. A thalamocortical slice of the rat brain after processing for biocytin and cytochrome 
oxidase (CO). The arrow points to the intracellular labelling of cells with biocytin and the 
arrowheads to the CO staining of barrels in L4 of the primary somatosensory cortex. The 
circle indicates the part of the VPm thalamic nucleus, which was targeted by the injection. 
B. The same section viewed under fluorescence, revealing the results of the thalamic 
injection. The injection site (dashed circle), is indicated by the brightest fluorescence signal, 
and corresponds to the VPm, as visualised by the CO staining in panel A. A band of labelling 
is seen in L6 of the cortex (arrow). The region in the dashed box is magnified in Figure 3.2. 
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Figure 3.2: Retrograde labelling and targeted patch clamp recordings 
A. Low magnification photomontage of the region of the acute slice outlined in Figure 3.1B, 
seen under differential interference contrast (DIC). L4 barrels are discernible, and one is 
outlined; the cortical laminae are labelled. 
B. The same region of the slice seen under fluorescence. Anterograde thalamocortical 
axonal labelling (arrowhead) is seen corresponding to the barrel outlined in panel A. 
Retrograde labelling of cell bodies is visible in the upper L6 (arrow). The large scattered 
fluorescent spots are non-specific signals arising from blood vessels and meninges. 
C. Higher magnification images showing patch-clamp recordings from two cells in the same 
slice under DIC imaging (upper panels). TMR labelling (middle panels) is visible only in the 
cell in the upper-left panel and not from that in the upper-right, though a neighbouring cell is 
labelled by the thalamic injection. The bottom panels show the alexa dye in both cells, filled 
via the recording pipette. 
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Figure 3.2 shows the differential interference contrast (DIC) image of the acute slice 
(panel A) and its corresponding fluorescence signal (panel B) in a region of the slice outlined 
in Figure 3.1B. The labelling in L6 (arrow in panel B) is uniform, with no differences 
observed in cell density coinciding with barrels and septa in L4, in agreement with the earlier 
study by Killackey & Sherman (2003). I also observe, in most cases, a patchy, diffuse 
fluorescence in L4 (arrowhead). This is most likely to be the anterograde labelling of 
thalamic axon terminals, which terminate mainly in L4. This pattern of cortical labelling, 
namely the retrograde somatic labelling in L6 and anterograde terminal labelling in L4, 
confirms the restriction of the injection to the VPm, since the involvement of the non-specific 
Po nucleus would result in the retrograde labelling of CT neurons in L5 and anterogradely, of 
L4 septa. It was not possible however, owing to the diffuse fluorescent signal from the 
injection site, to directly rule out the involvement of the posterior (Po) thalamic nucleus in 
the injection. In occasional cases, when the injection was made at too shallow a depth and 
involved the internal capsule, diffuse somatic and neuropil staining was observed throughout 
the layers of the cortex. These hemispheres were not included in the study of corticothalamic 
cells. 
Barrels in L4 can be identified in the DIC image (one is outlined in panel A); the 
anterograde fluorescent labelling in L4 corresponds to these regions. Cells in L6 of this area 
in the slice were targeted for recording and the data are therefore restricted to the postero-
medial region of the barrel subfield of the primary somatosensory cortex of rats. The specific 
region within the barrel cortex was chosen based on the optimal orientation of the apical 
dendrites of L6 neurons; recordings are therefore not restricted to a specific barrel. 
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3.2. Targeted patch clamp recordings 
 
The recording procedure is also illustrated in Figure 3.2. The slice was first visualised at 
low magnification under DIC (panel A) and fluorescence (panel B). Cells in L6 were then 
visualised under the 60X objective lens and targeted for patch clamp recording. The upper 
part of panel C shows the DIC images of two such neurons. The images in the middle reveal 
that the neuron on the left was labelled retrogradely (tmr-positive), while the cell on the right 
was not (tmr-negative). Both neurons were filled with a green fluorescent dye present in the 
pipette solution, shown in the lower images, which allows the distinction between CT/tmr-
positive (dual labelled) and tmr-negative L6 cells (green fluorescence only). All intracellular 
recording solutions also contained biocytin, which was developed later to reveal the detailed 
dendritic and axonal arbours of the neurons. 
To summarise, my data contains physiological and anatomical data from cells in L6 of the 
rat barrel cortex. A subset of cells is identified to be projecting to the VPm nucleus of the 
thalamus (CT/tmr-positive); the rest were not labelled (tmr-negative), and therefore might, or 
might not be corticothalamic. The anatomical and physiological properties of these two 
populations are presented in this chapter. The aim is to determine whether all labelled (CT) 
neurons consistently display a set of features that can be considered characteristic of this 
population; if so, tmr-negative neurons that do not show these features can be reliably 
classified as a separate neuronal population. 
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3.3. Excitatory neurons in L6 
 
Injections into the thalamus allowed the unambiguous association of the experimentally 
delineated group of tmr-positive neurons to the morphological and functional class of 
corticothalamic (CT) neurons, i.e. a tmr-positive cell is by definition CT. These were 
excitatory, pyramidal neurons mostly residing in the upper half of L6, as revealed by the 
results of retrograde labelling (Figure 3.1 and Figure 3.2). 
In order to determine whether CT cells display stereotypic morphological and 
physiological features, 34 labelled cells were recorded and stained; the morphology of 21 
were reconstructed. Data from unlabelled neurons were also obtained and contrasted against 
those of the CT neurons. Based upon their morphological dissimilarity to CT cells, the 
physiological data from 38 unlabelled neurons are used in this study, 22 of which were 
reconstructed. In the order that they were evaluated, the features of labelled and unlabelled 
neurons included the following. 
a. The presence of subcortical axonal projections. 
b. Intracortical branching patterns of axon collaterals. 
c. Dendritic morphology. 
d. Passive and active electrophysiological properties. 
 
3.3.1. Subcortical axonal projections 
 
It is known from earlier studies that about half of all pyramidal neurons in L6 in the rat 
barrel cortex project to the thalamus, with the other half projecting to the second 
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somatosensory, motor or peri-rhinal cortices, but not subcortically (Zhang and Deschênes, 
1997). Pyramidal neurons in L6 can therefore be classified as corticothalamic and 
corticocortical based on the presence or absence, respectively, of a projecting axon, since 
only a fraction of cells in L6 project to the claustrum (Zhang and Deschênes, 1998). 
All tmr-positive (CT) neurons in my data have a thick axon that enters (or heads towards) 
the white matter before being severed by the slicing process. This thick, descending principal 
axon is clearly seen in the biocytin-filled tmr-positive neuron in panel A of Figure 3.3, as 
indicated by the arrow. The absence of such a principal descending axon is also clear in the 
examples of tmr-negative neurons shown in panel B. 
The descending axons of tmr-negative pyramidal neurons (arrows in panel B) are of 
thinner gauge, show multiple en passant boutons, and rarely enter the white matter. In the 
cases where a branch did extend into the white matter, it could be followed for long distances 
along the subcortical plate, a course very different from that of CT cells, which descend into 
the striatum on their way to the thalamus. 
The structure of the descending axon can therefore distinguish two populations of neurons 
in L6, the subcortically projecting CT neurons and another type with axons that do not enter 
the white matter, and even if they do are thinner with more tangential courses. Inadequate 
preservation of the axon in slices precludes the determination of the target of the latter group, 
and of any subgroups within it based on axonal criteria. 
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Figure 3.3: Tmr-positive (CT) and tmr-negative pyramidal cells in L6 
A. A photomontage of a biocytin filled CT cell in L6 showing the soma, basal dendritic and 
axonal morphology. Note the thick descending axon (arrow) heading into the white matter, 
while axon collaterals (arrowheads) begin within ~100!m from the soma and turn and head 
up towards the pial surface. 
B. A similar view of two tmr-negative cells in L6, which show a contrasting axonal 
structure. The descending axon (arrow) is thin, relatively more branched, with collaterals 
(arrowheads) extending horizontally within L6 and finally innervating an extensive cortical 
region including lower L5, L6a and L6b. 
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3.3.2. Intracortical axon collaterals 
 
The principal axon of CT neurons gives out between 5 and 7 branches within about 
100!m from the soma, all of which, after beginning normal to the principal axon, turn and 
head towards the upper layers of the cortex, in a column rarely more than 300!m wide 
(arrowheads in panel A of Figure 3.3). After it gives out these branches close to the soma, the 
thick descending axon is unbranched in lower L6a and L6b, as it heads into the white matter. 
The upward-heading axon collaterals of CT cells can be followed in many cases to L4. In 
vivo, these collaterals can be seen to arborise extensively in L4 of both the cat visual cortex 
(McGuire et al., 1984) and the rat  somatosensory cortex (Staiger et al., 1996a; Zhang and 
Deschênes, 1997). The slice preparation however, severs many of the axon collaterals and the 
extent of L4 innervation does not approach that seen in vivo. Therefore, although many 
collateral branches are seen to head towards L4, the final arborisation pattern cannot be 
quantified in the slice preparation. 
All 34 tmr-positive cells whose morphology was recovered showed the same characteristic 
thick descending axon with collaterals that head upwards towards L4. Since no exception to 
this pattern was seen in any of the tmr-positive neurons, tmr-negative neurons with a similar 
axonal morphology are considered to be CT neurons that were not labelled by the thalamic 
injection. 
The tmr-negative cells with thin descending axons also had contrasting collateral axonal 
branching patters. The collateral axons in these tmr-negative cells (arrowheads in panel B of 
Figure 3.3) arose at various distances from the soma to extend within the infragranular layers 
of cortex for long distances. These branches innervate extensive regions of the infragranular 
cortex, spanning, on average, about 1mm, with only the occasional branch reaching L4. 
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Therefore, despite an obvious pruning of the axonal tree in the slice preparation, the 
arborisation pattern of these tmr-negative axons stands in stark contrast to that of the tmr-
positive neurons described above. Both the lack of an obvious subcortical projection and the 
horizontal intracortical collateral projections over long distances support their classification 
as corticocortical (CC) cells. Qualitatively therefore, two contrasting spiny cell population in 
L6 can be distinguished by the morphological features of their axons; this is despite an 
obvious pruning of the axonal tree in the slice preparation.  
To summarise, the basic differences between CT and CC neurons are in the structures they 
target. CT cells target the thalamus, but also specifically project to the granular layer of the 
cortex directly above the soma; CC neurons do not have any subcortical target and project 
widely intracortically, both within the primary somatosensory cortex and to other cortical 
areas. Reconstructions of seven examples each of the CT and CC neurons are shown in 
Figure 3.4, which illustrates the contrasting axonal structures of the two classes. While CC 
neurons include cells with non-pyramidal dendritic morphologies, their axonal features are 
similar those of pyramidal CC neurons. However, due to the small numbers of bipolar and 
inverted pyramidal cells encountered, the analysis is restricted to the CC neurons of 
pyramidal morphology. 
 
Quantification of axonal differences 
 
The differences in the principal descending and collateral axonal branches of pyramidal 
CT and CC neurons are quantified in Figure 3.5; data from 16 CT and 18 CC axons are 
included, where the length of axonal reconstruction exceeds 1500!m. The axons of both cell 
types arise from the bottom of the cell body and give off a first branch after descending for 
about 70-80!m. Descending CT axons however give far fewer primary branches than CC 
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axons (3.9±1.3 vs. 7.7±2.4, respectively; panel A). This observation is not biased by any 
difference in the length of axon in the two groups; the length of the principal descending 
axon preserved was in fact slightly greater in CT cells (781±269 vs. 593±240!m; panel B), 
owing to their straighter course towards the white matter. The last of the primary branches 
from the descending axon also arise closer to the soma in CT cells (152±62 vs. 296±131!m). 
Panel C plots the distribution of these branches as a function of cortical depth, which is 
normalised as explained in the methods. The distributions of primary branches over the 
infragranular depth differ significantly between the two groups of cells. 
Differences in the collateral branching pattern in the CT and CC groups are quantified in 
the right side of Figure 3.5. Panel D is the plot of directionality of the axon, and illustrates the 
orientation of the axonal tree with respect to the soma. The angle of each segment of the 
reconstructed axon is calculated with respect to the soma and the vertical (pia-WM) axis. The 
length of the axon segment is added to one of 90 bins of 4° each, giving the length of axon in 
each orientation. The bold lines are the mean values in each angular bin for 16 and 18 
reconstructions in the CT and CC groups respectively, and the thin lines the standard 
deviation of the data. Clearly, most of the CT axon (red) is oriented vertically above their 
somata; CC axons (green), on the other hand, are distributed uniformly around their cell 
bodies. 
This bias is quantified by the aspect ratio of the directionality plot (panel E). The two 
ratios (4:1 and 1:1 for CT and CC groups, respectively) differ significantly. Furthermore, the 
distributions of this value for the two groups do not overlap (data not shown). No difference 
is seen in the total reconstructed axonal length for the two groups (3970±1811 vs. 
5041±3315!m; panel F), arguing against any bias induced by differences in the length of 
axon preserved in the two cell types. However, since the slices were cut in an angle roughly 
parallel to the barrel rows, differences in axonal growth along barrel arcs cannot be ruled out. 
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Another feature seen in the reconstructions, which differs significantly between the two 
cell types, is the maximal horizontal span of the axons. The span of CT axons in the plane of 
the slice is much narrower than that of CC axons (288±126 vs. 845±350!m). The spans and 
axonal lengths were also calculated as a function of cortical lamination in the normalised 
reconstructions; there are clear differences as well in the lamina-specific innervation of 
cortex by the axons of two groups. 
CT and CC neurons clearly contribute a different proportion of their axonal length to each 
of the layers where they arborise. The clearest difference is seen in L6, where only about 
50% of the reconstructed length of CT axons is present in this lamina, while up to 90% of the 
CC axon is restricted to L6. In the intact brain, a similarly stark contrast would be expected in 
L4, since CT neurons arborise extensively in this layer unlike CC neurons (Zhang and 
Deschênes, 1997). All axonal parameters for the CT and CC groups are listed in Table 3.1. 
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Figure 3.4: Morphological reconstructions of CT and CC cells 
A. Seven examples of CT cells (soma and dendrites in black; axon in red). Note the single 
descending axon that in most cases descends into the white matter before being cut. 
Collaterals arise close to the soma and head towards L4 in a vertical column. All trees are 
aligned to the L4-L5 border in the slice; L6-WM boundaries are indicated below. 
B. Seven reconstructed CC neurons (axon in green). Collateral arise throughout the depth of 
L6 and extend widely in many directions. Axons seen to enter the white matter are thin 
branches and tend to course horizontally unlike those of CT cells. Note the variety of dendritic 
morphologies. 
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Figure 3.5: Differences in the axons of CT and CC neurons 
Differences in the principal descending axon are shown on the left, and those in the collateral 
branches on the right. Data from 16 CT and 18 CC neurons are included; the minimal 
reconstructed axonal length was 1500!m. 
A. The number of branches given by the principal descending axons. Primary branches are 
fewer in CT than in CC neurons. 
B. The length of the principal descending axon preserved in the slice. More of the 
descending CT axon is seen, owing to their straighter course towards the white matter. 
C. Histogram of the number of branches of the principal descending axon as a function of 
cortical depth, which is normalised as explained in the methods. Primary branches from CT 
axons are fewer, and arise higher in L6 than those of CC neurons. The two distributions differ 
significantly, as shown by the Gaussian fits (bold curves; r
2
 of 0.9 each). 
D. Directionality of axon collateral branches. Bold lines represent the mean axonal lengths 
oriented in each of 90 angles around the soma for CT and CC groups. The thin lines represent 
the standard deviations, and the black dot the cell somata. CT collaterals are mostly above the 
soma and oriented vertically, while those of CC cells show no such bias. 
E. The aspect ratio of the directionality plot. The bias in CT axons to be oriented vertically 
is seen in its aspect ratio (~4:1); CC axons have a ratio of ~1:1. 
F. The total reconstructed axonal length does not differ between the two groups, making 
such comparisons possible. *, p<0.5; **, p<0.01; ***, p<0.001. 
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En passant versus bouton terminaux 
 
One observation on axonal morphology that is not quantified in this study is regarding the 
boutons formed by the two contrasting axonal types. Two contrasting bouton types are seen 
on axons, one formed along the course of the axon (en passant) and those formed on the end 
of small stalks arising out of the axon (bouton terminaux); the proportion of each varying 
with cell type. Axons of L6 neurons projecting to L4 have been documented to form bouton 
terminaux in much larger numbers than other axons ramifying in L4 (Ahmed et al., 1994). 
My observation is that bouton terminaux form a large proportion of boutons of CT 
neurons, and are only rarely seen on CC cells. This was not quantified owing to the difficulty 
of following small calibre axons deep into the slice. Bouton densities along axon branches 
were also not quantified for the same reason, but no obvious difference was observed in the 
density of boutons on CT axon collaterals with respect to cortical lamination, as reported also 
by Zhang and Deschênes (1997) . The specific laminar targeting of L4 by CT neurons is 
therefore likely to be mediated by increased axonal branching in this lamina and not by an 
increase in bouton density. 
In conclusion therefore, despite the incomplete reconstructions of the axonal tree, 
significant differences in the axons of the two cell types can be observed and quantified. 
These differences are strong, and consistent enough to be considered characteristic of the two 
types of excitatory L6 pyramidal cells. However, despite clearly highlighting the contrasts 
between these two excitatory pyramidal cell types in L6, the slice preparation is inadequate to 
study subtler differences between the axons of these two cell types. For example, Zhang and 
Deschênes (1997) distinguish two subtypes of CT cells, one with dense axonal ramifications 
within L4 (CT1) and another with the dense branching occurring just below L4 (CT2). These 
are accompanied by corresponding differences in the location of the apical dendritic tuft. 
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While the axons are not well preserved in the slice preparation, the differences in their 
dendritic trees can in theory be used to identify these two CT subtypes. Further investigation 
into the morphology of the cell types therefore focuses on the dendrites of these neurons. 
 
 
Table 3.1: Axonal parameters of CT and CC cells 
The table presents the measurements obtained from the axonal reconstructions of 16 CT and 
17 CC cells. The p-values of pair-wise t-tests and areas under the receiver-operator curve 
(ROC) are also presented for each parameter. 
A comparable length of axon is reconstructed for each of the two groups of cells. The axon 
length is measured as a function of the cortical laminae. The two groups differ in the length of 
axon in each of the granular and infra-granular laminae. Very little axon was seen in L2/3. 
The difference in lengths is paralleled by a difference in axon span, especially in L6, which 
clearly separates the two groups of cells, with a ROC area of one. 
 
Axon parameters CT (n=16) CC (n=18) p-value ROC area
Total axon length (µm) 3970±1811 5041±3315 0.27
Descending axon length (!m) 781±269 595±247 0.03 0.76
# total branches 24.0±11.3 33.6±19.0 0.29
# primary branches 3.9±1.3 7.8±2.4 1.10E-06 0.94
Soma to first branch (!m) 71.9±14.1 80.6±19.0 0.08
Soma to last branch (!m) 151.5±61.5 291.7±133.1 6.56E-04 0.86
% Axon in L4 7.3±5.8 0.4±1.3 9.19E-04 0.95
% Axon in L5a 10.6±4.6 1.3±2.4 6.46E-06 0.96
% Axon in L5b 22.6±6.4 5.4±8.4 5.21E-06 0.93
% Axon in L6 58.0±14.3 92.7±11.9 5.21E-06 0.95
Max. axonal span (µm) 222.3±88.7 661.3±205.4 1.02E-07 0.98
Ant-medial extent (µm) 155.3±93.2 542.7±254.6 2.77E-05 0.93
Post-lateral extent (µm) 187.1±87.0 530.5±268.1 1.09E-04 0.89
Span in L4 (µm) 153.7±82.1 450.7±411.1 0.25
Span in L5a (µm) 142.3±82.3 319.1±287.9 0.16
Span in L5b (µm) 193.3±81.6 387.5±269.7 0.04 0.76
Span in L6 (µm) 165.5±74.3 661.0±205.0 1.02E-07 0.99
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3.3.3. Dendritic morphology of CT & CC cells 
 
CT cells are spiny pyramidal neurons of moderate size, with somatic diameters of 10-
15!m and an area of 137±43!m
2
. The average distance from the cortical surface to the soma 
is 1430±129!m; the CT neurons recorded and reconstructed in this study are therefore 
restricted to the upper portion of L6, which extends from approximately 1300 to 1900!m 
below the pial surface. Tmr-negative cells are also mainly spiny pyramidal neurons, but also 
include spiny cells of inverted pyramidal, bipolar or a non-specific morphology; the size and 
distance from the pia (151±43!m
2
 and 1452±176!m, respectively) of the somata of tmr-
negative pyramidal neurons recorded in this study do not differ from that of CT neurons. 
These two groups cannot therefore be distinguished under DIC optics in an acute slice, where 
somatic shape and size can be discerned, but not that of dendrites and axons. 
Non-pyramidal excitatory cells are only treated briefly in this thesis since the number of 
these neurons encountered is small. Tmr-negative neurons however also include cells with 
smooth dendrites, which are presumed to be inhibitory; these are presented in the next section 
of this chapter. This section is concerned only with the dendritic morphology of pyramidal 
neurons in L6. 
 
Corticothalamic cells 
 
CT cells have, like their axons, a stereotypic dendritic morphology. About six basal 
dendrites radiate from the soma, each branching once to twice on average, and together 
spanning a region 220!m in diameter around the soma. A thicker apical dendrite arises from 
the top of the soma and rises towards the pia to end either within L4 or just below. The initial 
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portion of the apical dendrite gives off a skirt of oblique branches. The apical dendrite then 
continues to ascend relatively unbranched through L5 and then ends in a tuft of branches in 
the region around L4. Each portion of the apical dendrite, the initial part with branches, the 
unbranched section and the tuft occupies about a third of the total length of the dendrite. 
All the dendrites of reconstructed CT cells are displayed in Figure 3.6, in ascending order 
of dendrite length in L4. Cells with apical tufts ending below L4 are therefore on the left, and 
those with a tuft completely in L4 on the right. The level at which the tuft ends appears 
correlated to the depth of the soma in L6. The data therefore represent a continuum of 
neurons distributed within the upper part of L6, with no clear groups emerging from within 
the CT population based on either the apical tuft or other dendritic parameters. 
Zhang and Deschênes (1997) differentiated two types of CT cells, one with apical tuft and 
axon collateral branching occurring within L4, and another where both the apical dendrite 
and ascending axon collaterals branch profusely just below L4, thus showing distinct laminar 
preferences. Inadequate preservation of the axon precludes such a correlation from being 
observed in my data. 
 
Corticocortical cells 
 
The CC population, unlike the CT, does seem to comprise of more than one cell type. 
From the pyramidal neurons classified as CC based on axonal morphology it is possible to 
discern at least two subtypes based on dendritic morphology. This is illustrated in Figure 3.7, 
where the dendritic structure of a variety of CC neurons is represented. 
The first six reconstructions are examples of one type of CC neuron. In vivo, this type of 
cell has been described previously by Zhang & Deschênes (1997) as short pyramidal cells 
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with a ‘star-like’ appearance, with an apical dendrite that ends without a tuft well below L4. 
A decreasing length and number of apical oblique branches with increasing distance from the 
soma provides the star-like, or fir tree-like appearance of these neurons; I label this group 
CC1. The in-vivo reconstruction by Zhang & Deschênes is reproduced in the previous 
chapter (Figure 2.1). 
Another type of tmr-negative pyramidal neuron is illustrated in the next group of nine 
reconstructions. The apical dendrites of these cells, while also ending without an obvious tuft, 
display long oblique branches all along their ascent through L5. These branches give the 
neurons a candelabrum-like appearance; I term this group CC2. 
CC1 and CC2 cells make up most of the corticocortical cells encountered. Other 
pyramidal CC types include cells with a long, slender apical dendrite ending in L3 or higher, 
resembling claustrum-projecting cells described in the cat visual cortex by Katz (1987) and 
neurons with a prominent apical tuft like those of CT cells. Examples of these latter types of 
pyramidal neurons as well as those of non-pyramidal cells of bipolar and inverted pyramidal 
morphologies are also illustrated in Figure 3.7. 
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Figure 3.6: Corticothalamic cells 
Reconstructed soma and dendrites of 21 CT cells. The cells are arranged in ascending order of 
the ratio of apical dendritic length in L4 to that in L4 and L5a (the shaded region). The 
vertical dimension of the reconstructions have been normalised as described in the methods. 
 
 
Figure 3.7: Corticocortical cells 
Soma and dendrites of 19 CC cells, reflecting the variety of such neurons encountered. At 
least two major groups of pyramidal cells can be discerned based on the apical dendrite. The 
first six cells (CC1) have shorter and fewer apical oblique branches with increasing distance 
from the soma. The next nine cells (CC2) display wide apical obliques, especially in L5. The 
last four cells represent other excitatory cell types encountered, including pyramidal, bipolar 
and inverted pyramidal neurons; these form a minority of the cells encountered in L6. 
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Figure 3.8: Quantification of dendritic differences 
A. Overlay of all cells in each of the three groups (CT, CC1 & CC2; n = 21, 6 & 12, 
respectively). Dotted lines mark the borders of cortical laminae from the bottom of L4 to the 
white matter. The mean depth of the somata and the standard deviation are indicated to the left 
of the reconstructions. 
B. Dendritic length and spans as a function of cortical lamina for each group. CC1 and CC2 
cells are clearly differentiated based on dendritic lengths and spans in L5a. Both CC types 
have wider spans compared to CT cells when compared in L6. * p<0.05; ** p<0.01. 
 
 
Quantification of dendritic differences 
 
The somata and dendritic trees of all reconstructed cells of the CT, CC1 and CC2 groups 
are overlaid and presented in panel A of Figure 3.8. This view illustrates the coverage of 
cortical space by the dendrites of the different cell types. The coverage is quantified in two 
aspects: the total dendritic length and the maximal horizontal span, both as a function of 
cortical lamination; this is illustrated in panel B of the figure. 
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CT cells, irrespective of cortical lamina, have a narrower dendritic span compared to CC 
cells (233±59 vs. 337±59 !m; n = 21 each). Other differences are specific to the subgroups of 
CC cells; CC1 cells having lesser dendrite and narrower dendritic spans in L4 & L5a 
compared to both CC2 and CT cells. These differences could determine the input these cells 
receive, given random connections between the axons and dendrites coursing through these 
laminae. 
Somata of both CT and CC cells in this sample are located at similar depths within L6 
(1430±129 vs. 1452±176!m below the pia, and 632±119 vs. 652±108!m below L4); they 
also did not differ in size. However, the total surface area (soma + dendrites) of CT cells 
tends to be lesser than that of CC neurons (7934±1802 vs. 10137±3185!m
2
; p = 0.011); the 
significance of this difference did not however overcome the stringent Bonferroni correction 
for multiple pair-wise comparisons. This difference is discussed in the context of the 
physiological properties of these neurons in the next section. All the morphological 
parameters of the dendrites are summarised in Table 3.2. 
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Table 3.2 
Dendrite parameters CT (n=21) CC (n=22) p-value ROC area CC1 (n=6) CC2 (n=11) p-value ROC area
Dist. from pial surface (µm) 1429.6±129.4 1452.3±175.7 0.77 1600.3±177.4 1396.9±143.9 2.1E-02 0.81
Dist. from L4-L5 border (µm) -632.4±119.1 -652.3±108.1 0.80 -728.5±107.3 -621.8±95.3 0.11
Depth from slice surface (µm) -27.4±12.3 -25.1±10.3 0.53 -19.0±4.9 -27.5±10.9 0.11
Soma area (µm2) 136.7±43.2 151.1±42.7 0.53 153.3±36.2 150.2±46.2 0.87
DendArea (µm2) 7797.5±1796.7 9986.2±3178.9 1.1E-02 0.75 11808.3±3460.0 9257.4±2857.9 0.30
CellArea (µm2) 7934.2±1801.5 10137.3±3185.0 1.1E-02 0.75 11961.6±3463.0 9407.6±2865.3 0.30
Basal dendrite length (µm) 1266.2±412.3 1478.0±431.6 2.9E-02 0.67 1649.4±239.6 1409.4±477.4 0.40
Apical dendrite length (µm) 2602.4±510.4 2438.4±477.4 0.53 2031.0±456.2 2601.3±389.5 0.05
Total dendritic length (µm) 3868.5±774.4 3916.3±589.1 0.30 3680.4±563.8 4010.7±590.7 0.40
# Basal dendrites 5.6±1.7 4.6±1.4 0.12 4.7±0.5 4.6±1.7 0.70
# Basal dendrite branches 22.5±7.4 24.2±5.0 0.53 24.3±2.2 24.1±5.9 0.51
# Apical dendrite branches 44.1±8.5 30.1±7.2 5.0E-05 0.92 25.7±6.2 31.8±7.1 0.06
# Total ends 26.5±5.4 20.0±4.8 6.8E-04 0.85 20.8±5.0 19.6±4.8 0.54
# Cut ends 10.1±3.1 9.5±3.7 0.89 7.0±2.6 10.4±3.7 0.28
Avg. basal branch order 2.1±0.3 2.4±0.3 1.1E-02 0.72 2.3±0.2 2.4±0.3 0.30
Max. basal branch order 3.5±0.7 4.0±0.7 0.53 3.7±0.5 4.1±0.7 0.63
Avg. apical branch order 9.8±1.6 7.1±1.3 9.0E-06 0.93 6.1±0.9 7.4±1.2 1.2E-02 0.85
Max. apical branch order 18.1±3.4 12.8±2.5 4.0E-05 0.91 11.2±1.9 13.4±2.4 0.12
% Dendrite in L4 8.7±5.7 4.2±3.9 3.6E-03 0.75 0.8±1.3 5.5±3.8 1.4E-02 0.88
% Dendrite in L5a 13.4±5.0 10.7±5.4 0.30 4.9±3.7 13.0±4.1 8.9E-03 0.92
% Dendrite in L5b 27.0±14.4 27.6±16.0 0.97 21.6±6.2 30.1±18.2 0.30
% Dendrite in L6 50.6±16.6 57.1±20.3 0.53 72.7±9.8 50.8±20.2 3.5E-02 0.87
% Dendrite in L4+L5a 0.2±0.1 0.2±0.1 1.5E-02 0.77 0.1±0.0 0.2±0.0 2.4E-03 0.96
Max. dendritic span (µm) 232.2±38.6 341.1±57.5 5.5E-07 0.95 318.4±45.4 350.1±60.7 0.63
Span in L4 (µm) 114.1±53.3 168.5±115.2 0.12 190.8±161.2 165.3±115.0 0.79
Span in L5a (µm) 130.7±64.5 191.2±106.7 0.11 118.7±78.0 215.4±105.9 0.29
Span in L5b (µm) 174.1±41.9 255.7±77.7 7.1E-05 0.82 237.5±35.4 263.0±89.3 0.51
Span in L6 (µm) 218.2±44.0 300.1±84.4 7.1E-05 0.85 314.4±47.8 294.4±96.1 0.63
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Table 3.2: Dendritic parameters of CT and CC cells 
The table on the previous page summarises the differences in the dendritic trees of CT, CC1 & 
CC2 cells, as a function of cortical lamination. All CT & CC cells (n = 21 & 22, respectively) 
are compared first and then CC1 & CC2 cells (n = 6 & 11, respectively). Each parameter is 
compared between groups using t-tests and the receiver-operator curve (ROC) analysis; the p-
values and ROC areas are listed. ROC values are marked in bold where the t-tests are 
significant after the Bonferroni correction is applied. 
 
 
3.3.4. Single-cell physiology 
 
Physiological data from 34 CT neurons are presented, all of which were labelled by the 
retrogradely transported dye injected into the thalamus. Measurements from 38 CC cells are 
included, which were classified based on their axonal morphologies as described in the 
previous sections. Of the CC neurons, 6 were classified as CC1 and 16 as CC2 based on 
dendritic features; the rest either belonged to other morphological types (including pyramidal 
and non-pyramidal cells; n = 10), as shown in Figure 3.7, or could not be classified due to 
inadequately preserved or recovered dendritic morphology (n = 6). All the physiologic data 
are summarised and compared between the various morphological subgroups of L6 excitatory 
cells in Table 3.3. 
 
Passive physiologic properties 
 
The resting membrane potential of all the recorded cells is close to -70mV and does not 
differ between the anatomical subgroups; the input resistances of the cells are also not 
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different. Membrane time-constants however vary significantly between CT and CC cells. 
The responses of exemplar CT and CC cells to a hyperpolarising current pulse of -50pA are 
displayed in Figure 3.9A. Under these conditions, CT cells are seen to have much faster 
membrane time constants (!) compared to CC cells (12±2.7 vs. 16.6±3.7 ms). 
In an R-C circuit model of the neuronal membrane (a resistance and capacitance in series, 
where ! = RxC), the absence of any difference in the input resistances of CT and CC, cells 
along with significant differences in their time-constants, points towards differences in their 
capacitances. The capacitance is directly proportional to the surface area of the cell (the 
greater the area of a capacitor, the greater the ability to store charge), and therefore indicates 
that CC cells, which have a slower membrane time constant, would have a greater surface 
area than CT cells. Indeed, the cell surface areas of CC neurons, as calculated in the 
reconstructions, are significantly greater than that of CT neurons (10137±3185 vs. 
7934±1802!m
2
). 
Though significant, the difference in surface area did not pass the stringent Bonferroni 
correction applied for multiple pair-wise comparisons. However, this finding can still be 
considered a strong trend that supports the hypothesis that differences in time constants 
between CT and CC cells arise due to differences in cell surface area, and hence the 
membrane capacitance of the neurons. This explanation also holds for the slightly longer 
membrane time constants of CC1 cells compared to CC2 cells (18.1±3.4 vs. 16.4±3.7 ms) 
and correspondingly differing cell surface areas (11962±3464 vs. 9408±2865!m
2
); these 
differences however did not reach significance possibly due to the fewer numbers involved. 
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Properties of the action potential 
 
Depolarising currents that drive the membrane potential above threshold elicit all-or-none 
action potentials in neurons. This threshold for the generation of an action potential does not 
differ between CT and CC cells, but a number of associated properties do. 
Firstly, the current intensities required to bring CT neurons to their spiking thresholds are 
significantly higher than those required for CC cells (196±80 vs. 129±46 pA). This measure, 
the rheobase of the neuron, is used as the reference stimulus intensity for the comparison of 
single spike properties of different neurons and the first spike discharged in response to the 
rheobase current differs in a number of aspects between CT and CC cells. 
Spike latencies measured at rheobase are much longer in CC neurons (67.9±22.1 vs. 
140.3±44.9 ms). Furthermore, the action potential is narrower in CT cells than in CC cells 
(AP half-width = 0.77±0.13 vs. 1.01±0.2 ms). This difference in spike width is due to a 
steeper falling phase of the action potentials in the former (54±16 vs. 82±14 mV/ms). These 
properties of exemplar CT and CC cells are illustrated in panel B of Figure 3.9; the 
population averages are shown in panel C. 
Properties of single spikes however did not differentiate CC1 cells from CC2. Neither was 
any systematic variation observed in the CT population, either with respect to the depth of the 
somata within L6, or the location of the dendritic tuft (Figure 3.10). Trains of action 
potentials elicited in response to increasing current intensities did however reveal differences 
between both CT & CC neurons and the CC1 & CC2 subgroups, again suggesting unique 
functional roles; these are described in detail in the following section. 
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Figure 3.9: Passive and active membrane properties of CT & CC cells 
A. Responses of single cells (red, CT; green, CC) to a -50pA hyperpolarising current pulse 
(black). The membrane time constant is defined as the time taken to reach 1/e times the 
maximal response (the time constant of exponential decay). Note the longer time constant of 
the CC cell, but identical input resistance. 
B. The first spike responses of the cells to a depolarising current pulse of 500ms duration; 
the respective rheobase currents that elicit the spike are shown at the bottom. Inset: CT cells 
fire narrower action potentials, which is mainly due to a sharper falling phase of the spike. 
C. Average values of four parameters of the action potential elicited by rheobase current for 
34 CT and 29 CC cells. ***, p < 0.001; **, p < 0.01. 
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Figure 3.10: Physiology vs. somatic 
depth in cortex for CT cells 
Physiological parameters of CT neurons with 
respect to their anatomical properties. L6 
begins at an approximate depth of 1300!m 
(dotted line) and ends at the white matter, 
1900!m below the pia. 
Neither membrane time-constants (upper 
panel), nor the rheobase (lower panel) of CT 
neurons vary as a function of depth in the 
cortex. 
No difference is seen even when the neurons 
are divided based on the location of the 
apical tufts. Cells with apical tuft mainly in 
L4 are plotted as filled circles, and those 
with their tuft mainly in L5 as open circles, 
analogous to the CT1 and CT2 groups 
defined by Zhang and Deschênes (1997). 
 
 
Action potential trains 
 
CT, CC1 and CC2 cells display unique current-frequency (I-F) relationships. The I-F 
relationship is calculated for two frequencies in the train, the average frequency of the train 
(I-Favg) and the frequency of the first two spikes (I-Finst). The differences between the cells lie 
mainly in the latter. Spike trains elicited in both CT and CC neurons by three different 
strengths of depolarising current injections are plotted for one example CT and CC neuron in 
panel A of Figure 3.11. Rheobase currents, as shown earlier, usually result in the discharge of 
a single spike. Larger currents result in spike trains of varying frequency; responses to twice 
the strength of the rheobase current (coloured) are used to compare spike trains elicited by 
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different cells. Responses to rheobase and twice-rheobase currents for eleven CT and CC 
neurons are illustrated in panel B. Most recorded cells respond to twice-rheobase currents 
injections with a train of action potentials. CT neurons fire in a phasic manner, while CC 
cells respond with high-frequency doublets or triplets at the beginning of the spike train, but 
thereafter spike regularly. A few CT neurons (2 of 34) show a tonic response, but no 
correlation with anatomical or other physiological properties was observed. 
The I-F relationship is plotted in panel C of Figure 3.11. The upper plots are of the 
average (I-Favg) and the lower plots of the instantaneous (I-Finst) frequency responses to 
depolarising current pulses of increasing intensities; responses in single exemplar cells of the 
CT and CC groups are shown on the left and the population averages on the right. The 
relationships have a sigmoid shape and can be fitted with a response function described by 
Rauch, et al. (2003) for an integrate-and-fire neuron (see the methods chapter). The model 
fits three parameters of the response, namely the saturation frequency (Fsat), the rheobase 
current (R), and a parameter, S, that is inversely related to the slope of the response. The 
fitted curves for each cell are then averaged to compare the I-F relationships of the different 
cell types. 
The I-Favg curves of CT and CC cells are indistinguishable; however the I-Finst curves of 
the two cell types clearly diverge for currents between rheobase and saturation. The doublets 
fired in the beginning of the train by CC neurons clearly increase the slope of the I-Finst 
response with respect to that of the I-Favg curve. In order to compare this difference in slope 
between individual neurons, I use the ratio of the parameter S in the I-Finst curve to that of S 
in the I-Favg curve (Sinst/Savg). CT and CC cells differ significantly in this ratio (9.6±7.4 vs. 
1.3±1.8, respectively). 
It is this behaviour of high frequency burst spiking that also differentiates CC1 from CC2 
cells (Sinst/Savg of 0.05±0.05 vs. 1.7±1.9, respectively), as illustrated in panels A and B of 
Figure 3.12. In response to twice-rheobase current injections CC1 cells not only show much 
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higher frequencies for the first two spikes in the train (F1) than CC2 cells (219.8±42.3 vs. 
106.6±49.4Hz), but also a third spike (F2) at a significantly higher frequency (89±62.6 vs. 
37.6±9.3Hz). These high frequency doublets also occur in response to smaller currents, 
resulting in a more pronounced rise in the I-Finst curves in CC1 cells compared to both CC2 
and CT neurons. The population averages of the average, first and second instantaneous 
frequencies and the I-F slope ratios for the CC1, CC2 and CT neurons are shown in panel C 
of the figure. All three groups can be distinguished based on these four physiological 
parameters. 
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Figure 3.11: Current-frequency relationships in CT & CC cells 
A. Spike responses (upper three traces) to 500ms long depolarising pulses (bottom) of three 
amplitudes: rheobase, twice-rheobase (coloured and in bold, for comparison) and a level close 
to the maximum current injection tolerated by the cell. The arrowhead indicates the doublet 
that CC cell fires even at moderate depolarisation. 
B. Responses to rheobase (black) and twice-rheobase (red, CT; green, CC) currents in 
eleven CT & CC cells, again illustrating the longer latency and higher frequency (arrowheads) 
of CC cell responses. Most CC cells respond with doublets or even triplets to twice-rheobase 
current. CT cells respond in a tonic manner, with occasional exceptions (bottom two cells). 
C. Left: Current-frequency plots for the cells in A (red, CT; green, CC), plotting the average 
frequency (I-Favg) of the train (top) and the frequency of the first two spikes (bottom) as a 
function of current injected. Dark black curves are the fits of an integrate-and-fire model 
proposed by Rauch et al. (2003). Right: Averages over all cells (black lines) and the standard 
deviations (shaded regions) of the fits over a stimulus range from zero to 1000pA. 
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Figure 3.12: Physiological differences between CC1 & CC2 cells 
A. Responses to twice-rheobase currents in a CC1 (solid line) and a CC2 cell (dotted line). 
The initial burst response is more pronounced in CC1 cells. 
B. Left: I-Favg (upper) and I-Finst (lower) curves for the cells displayed in A and fitted with 
the model described earlier (solid lines). Right: Means and standard deviations of the fits for 
the two groups over a stimulus range from zero to 1nA. CC1 cells fire higher frequencies at 
the start of the spike trains, and at lower current injections than do CC2 cells. 
C. Comparisons of the responses to twice-rheobase currents in CT, CC1 & CC2 cells (top 
three graphs). All three groups are distinguishable by the frequency of the first two spikes in 
the train (F1). The frequency of the third spike in the train (F2) is clearly higher in CC1 cells. 
The average frequency (Favg) of the trains does not differ between the groups. The slopes of 
the I-F curves (bottom) also distinguish the three cell types from each other. The ratios of the 
slopes of the I-Finst and the I-Favg curves (Sinst/Savg) are plotted. ***, p < 0.001; *, p < 0.05. 
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Table 3.3 
 
CT (n=34) CC (n=38) p-value ROC area
RMP (mV) -70.2+/-3.6 -70.5+/-4.5 0.76
Input resistance (Mohms) 146.2+/-47.0 152.1+/-56.2 0.63
Membrane tau (ms) 12.0+/-2.7 16.5+/-4.0 6.5E-07 0.84
Rheobase (pA) 195.6+/-79.8 133.4+/-56.5 6.3E-04 0.77
AP1 amplitude (mV) 101.7+/-6.7 102.0+/-8.8 0.89
AP1 latency (ms) 67.9+/-22.1 137.1+/-50.6 7.9E-10 0.92
AP1 half-width (ms) 0.77+/-0.12 1.02+/-0.16 1.2E-09 0.88
AP1 rise slope (mV/ms) 99.3+/-18.5 105.1+/-22.6 0.24
AP1 fall slope (mV/ms) -79.1+/-13.8 -50.7+/-13.2 3.6E-13 0.93
AP1 threshold-absolute (mV) -30.4+/-5.0 -32.2+/-4.7 2.4E-02 0.62
AP1 threshold-relative (mV) 40.0+/-4.4 38.3+/-4.5 0.10
AP1 fAHP amplitude (mV) -13.7+/-3.4 -9.4+/-4.2 1.1E-05 0.78
AP1 sAHP amplitude (mV) -17.1+/-2.9 -15.5+/-4.5 0.74
AP1 fAHP latency (ms) 4.4+/-3.4 9.0+/-5.3 4.8E-07 0.82
AP1 sAHP latency (ms) 17.6+/-7.6 63.7+/-26.3 7.3E-15 0.93
Max avg frequency (Hz) 39.0+/-14.8 48.9+/-12.8 0.08
Max 1st inst. frequency (Hz) 142.1+/-57.4 223.8+/-59.6 1.5E-06 0.83
Max 2nd inst. frequency (Hz) 74.1+/-35.9 121.0+/-59.2 3.9E-03 0.75
2*Rheobase Trace: Avg. freq. (Hz) 28.4+/-6.1 25.0+/-6.4 3.1E-02 0.70
2*Rheobase Trace: 1st inst. freq. (Hz) 61.7+/-24.3 140.1+/-69.6 2.3E-05 0.87
2*Rheobase Trace: 2nd inst. freq. (Hz) 36.4+/-12.2 53.7+/-37.2 4.3E-02 0.63
2*Rheobase Trace: Adaptation index 54.1+/-11.2 80.0+/-10.4 1.2E-12 0.95
2*Rheobase Trace: Adaptation tau (ms) 20.9+/-14.2 6.9+/-5.0 2.3E-05 0.86
IFavg fit: Saturation freq (Hz) 59.0+/-20.0 78.8+/-37.6 4.6E-02 0.70
IFavg fit: 1/slope 175.5+/-92.5 348.2+/-295.5 0.05
IFavg fit: Rheobase (pA) 196.3+/-76.2 162.6+/-71.9 4.6E-02 0.64
IFinst fit: Saturation freq (Hz) 758.1+/-967.6 306.5+/-201.6 1.4E-02 0.63
IFinst fit: 1/slope 1817.0+/-2341.1 332.3+/-643.0 5.8E-04 0.77
IFinst fit: Rheobase (pA) 215.3+/-133.2 172.9+/-82.0 0.26
IFinst fit slope / IFavg fit slope 10.78+/-8.50 1.27+/-1.83 2.9E-07 0.95
CC1 (n=6) CC2 (n=16) p-value ROC area
RMP (mV) -71.0+/-3.4 -70.6+/-4.9 0.86
Input resistance (Mohms) 133.3+/-32.4 154.0+/-38.9 0.26
Membrane tau (ms) 18.1+/-3.4 16.4+/-3.7 0.33
AP1 half-width (ms) 0.85+/-0.15 1.08+/-0.17 7.4E-03 0.84
AP1 rise slope (mV/ms) 106.3+/-27.0 107.8+/-17.4 0.88
AP1 fall slope (mV/ms) -68.3+/-9.4 -45.1+/-9.9 7.7E-05 0.94
Max avg frequency (Hz) 51.6+/-17.7 46.2+/-10.0 0.42
Max 1st inst. frequency (Hz) 268.7+/-47.1 198.2+/-64.6 4.2E-02 0.82
Max 2nd inst. frequency (Hz) 169.5+/-63.2 95.8+/-48.0 1.6E-02 0.83
2*Rheobase Trace: Avg. freq. (Hz) 24.3+/-4.0 24.7+/-4.8 0.86
2*Rheobase Trace: 1st inst. freq. (Hz) 224.5+/-39.9 109.8+/-50.1 3.2E-04 0.97
2*Rheobase Trace: 2nd inst. freq. (Hz) 101.3+/-50.7 37.2+/-11.6 3.8E-04 0.91
2*Rheobase Trace: Adaptation index 91.0+/-1.1 75.6+/-11.2 8.4E-03 1.00
2*Rheobase Trace: Adaptation tau (ms) 4.6+/-1.7 8.6+/-7.1 0.23
IFinst fit slope / IFavg fit slope 0.05+/-0.05 1.44+/-1.72 3.5E-04 1.00
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Table 3.3: Physiological parameters of CT and CC cells 
The table on the previous page summarises the physiological responses of CT & CC neurons. 
CC1 & CC2 cells are compared separately below. p-values of individual t-tests for each 
parameter are listed, along with the ROC areas, which represent the ability to discriminate 
individual cells into one or the other group using that parameter. Instances where the t-tests 
were significant after using the Bonferroni correction are displayed in bold. 
The response to twice-rheobase current is used to compare the spike train response of different 
cells. RMP: Resting Membrane Potential; AP: Action Potential; fAHP: fast component of the 
After-Hyperpolarisation; sAHP: slow component of the AHP; IFavg: Current-Frequency curve 
for the average train frequency; IFinst: IF curve for the frequency of the first two spikes of the 
train. Action potential amplitudes are calculated from resting potential to peak; half-widths 
from threshold to peak. Single spike parameters AP1 half width and s- & fAHP amplitudes 
are measured with respect to threshold. 
 
 
3.3.5. Classification strategies 
 
Morphologically distinct excitatory cells in L6 can be distinguished based on their 
physiological features. Which are the most effective physiological parameters in determining 
the morphological type of neuron? This question is answered by determining the receiver-
operator curves (ROC) for each parameter individually, as listed in Table 3.3 This value 
indicates the degree of overlap in the parameter being compared in the two populations. For 
example, the CT and CC populations show almost no overlap in their spike latencies, slopes 
of the falling phase of action potentials, spike frequency adaptation indices and the ratio of I-
Finst/I-Favg slopes (ROC areas of about 0.95). The latter parameter also completely separates 
the CC1 and CC2 populations, which also have different first and second instantaneous 
frequencies in their response to twice-rheobase currents. A number of physiological 
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parameters, both passive and active, are therefore effective in identifying morphological cell 
types. 
Combinations of physiological parameters can be used to improve classification attempts. 
CT and CC cell types can be identified in a highly reliable and repeatable manner using 
multiple dimensions of physiological data. Figure 3.13 shows three plots with two 
physiological parameters plotted in each. The clustering of CT and CC data in each plot 
implies that if the two neurons differ in one physiological parameter, they are also likely to 
differ in another. Multidimensional clustering was briefly attempted (data not shown), and 
reveals that excitatory neurons in L6 can be assigned CT or CC labels with a very high 
degree of reliability based on simple physiological measures. 
 
 
Figure 3.13: Clustering of 
physiological data 
Six physiological parameters of L6 
excitatory neurons grouped pair-wise. The 
properties of CT cells are indicated in red 
and those of CC neurons in green. The 
parameters have been grouped such that the 
correlation between the two is minimal. 
Each parameter differs significantly 
between the two cell types, with the mean 
and standard deviations indicated by the 
black bars. When two parameters are 
plotted simultaneously, the data separates 
into discrete clusters, suggesting that 
neurons differing in one parameter are also 
likely to differ in another. 
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3.3.6. Other excitatory cells in L6 
 
Other excitatory cells encountered in L6 include tmr-negative pyramidal neurons that do 
not confirm to the morphological feature of either CC1 or CC2 cells. The examples seen in 
Figure 3.7 include neurons with a long, thin apical dendrite extending into L3 and another 
with a distinct apical tuft in L4. This points to the existence of more morphological variety in 
the CC population. Physiologically however, these exceptions show firing properties similar 
to the CC2 subtype. 
 Furthermore, CC neurons of non-pyramidal morphology were also encountered, including 
bipolar and inverted pyramidal neurons. The numbers of these cells encountered was small 
and the number whose morphology could be reconstructed even smaller. No quantification of 
the morphology was therefore attempted. Physiologically, these neuronal types also have, in 
general, biophysical and firing properties like the pyramidal CC neurons; inverted pyramids 
though did not fire doublets in spike trains (data not shown). More numbers are however 
required to characterise the morphological and physiological properties of non-pyramidal 
excitatory neurons in L6. 
 
3.3.7. Summary 
 
This section has presented morphological and physiological data on excitatory cells in L6 
of the rat barrel cortex. One specific morphological subtype, the corticothalamic (CT) cells 
were retrogradely labelled. Based on this labelled population, the characteristic axonal, 
dendritic and physiologic features of CT cells were identified. Neighbouring tmr-negative L6 
cells with contrasting morphologies are observed and termed corticocortical (CC) cells since 
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no obvious subcortical projection could be identified. CT cells, by definition, project to the 
thalamus, and have intracortical collaterals that ascend, in a horizontally restricted column, 
towards L4. CC cells do not project axons to subcortical structures and have collaterals that 
extend widely in the infragranular laminae. 
Dendritic differences help divide the CC group further into CC1 and CC2 cells. Apical 
dendritic branches of CC1 cells become shorter with distance from the soma, giving these 
neurons a fir tree-like shape; CC2 cells, on the other hand, have wide apical obliques in L5 
that give them a candelabrum-like appearance; neither have apical tufts. CT cells in contrast, 
form apical tufts in L4 and upper L5. Thus clear dendritic and axonal features distinguish at 
least three classes of pyramidal neurons; these neurons can potentially be part of distinct 
circuits in cortex. 
All three groups, CT, CC1 & CC2, have characteristic physiological properties as well. 
CT cells have shorter membrane time constants and require much larger currents to discharge 
their first spike. This first spike however, occurs at shorter latencies, and is narrower than that 
of CC cells. The firing response of all cells can be described as regular, but CC cells fire 
higher frequency doublets or triplets in the beginning of their response; CC1 cells are more 
‘bursty’ than CC2. The output patterns of these classes of neurons also vary, suggesting 
contrasting effects on cells that receive synapses from CT and CC neurons. This effect is 
discussed in the next chapter after examining the properties of synapses formed by these 
cells. But first, I examine the second class of neuron in the cortex: the inhibitory neurons. 
 
Cell types in L6 of the rat barrel cortex 
115 
3.4. Inhibitory cells in L6 
 
Inhibitory cells in L6 (L6i) were encountered either accidentally while attempting to target 
excitatory cells, or intentionally, by targeting neurons with obvious non-pyramidal 
morphology in the DIC image. Neurons with such non-pyramidal somatic morphology 
included excitatory and inhibitory neurons, which could be differentiated based on their firing 
patterns (see below) and morphological features at the light microscopic level – inhibitory 
cells lack dendritic spines and have typical axonal branching patterns. 
Data from 32 inhibitory neurons in L6 is presented here, the morphology of many 
recovered and reconstructed. When no structure was recovered, the neuron was considered to 
be inhibitory if it either displayed high-frequency spike trains with minimal accommodation 
as defined in Gupta et al. (2000) or if an inhibitory effect on another neuron could be directly 
measured. 
Based on the axonal morphology of L6i cells that were recovered, two distinct anatomical 
types of L6i cells could be identified. The first class of inhibitory neuron, illustrated in Figure 
3.14, is described classically as a basket cell. These neurons have axons that ramify within 
infra-granular layers, with no restriction by columnar or laminar boundaries visible in their 
arborisation. Both large and small basket cells were encountered, differing mainly in the 
density and extent of their axonal arbours. The spike trains elicited by each neuron in 
response to rheobase and twice-rheobase currents are also illustrated alongside the 
morphological reconstruction of the cell. 
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Figure 3.14: Inhibitory basket cells in L6 
Four examples of inhibitory L6 cells where the axonal arbours (coloured) are radially 
distributed, with no obvious laminar or columnar restriction; dendrites and soma are in black, 
L4 and white matter boundaries for each neuron are shown in dotted lines. The cells include 
small (first and third) and large (second and fourth) basket cells. Spike responses of each cell 
to rheobase (black) and twice-rheobase (coloured) currents are shown alongside. 
Cell types in L6 of the rat barrel cortex 
117 
 
Figure 3.15: L4-projecting inhibitory cells in L6 
Four examples of inhibitory cells in L6 where the axons (coloured) ascend from L6 and 
specifically target granular and supra-granular layers, while avoiding L5. Pial, L4 and white 
matter boundaries are indicated by dotted lines. Spike trains in response to rheobase (black) 
and twice-rheobase (coloured) currents for each cell are shown below. Note the smaller 
rheobase currents in these neurons compared to those in the preceding figure. 
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In contrast, another type of inhibitory L6 cells encountered, illustrated in Figure 3.15, 
show distinct laminar preferences in their axonal arborisation. The axon of these cells rises 
from the top of the soma and gives 3-4 branches within L6 (or deep in L5) that descend back 
into L6, densely innervating the region around the soma. The main trunk (or 2-3 branches) 
ascends towards L4 and begins to branch again in or just below that layer, with the most 
profuse collateral branching innervating upper L4 and lower L2/3. This creates a clear 
bilaminar innervation zone in layers 6 & 4. 
The axonal arborisation patterns therefore clearly contrast the two types of inhibitory 
neurons. I label the first group of neurons with axon showing no laminar preference as L6-
targeting L6i neurons (L6iL6), since most of their axon is restricted to the infragranular 
laminae. The axon of the second group of cells clearly ascends from the infragranular layers 
to ramify a second time in the granular and supragranular laminae; this group is labelled L4-
targeting L6i cells (L6iL4). 
Of the 32 inhibitory cells in my data, 9 were determined to belong to the L6iL4 group and 
another 9 to the L6iL6 group. The rest could not be reliably classified into either of the two 
classes, either due to insufficient filling of the axon or since the axon was severed too early 
(e.g. in lower L5) to make the distinction. 
Physiologically, the firing patterns of L6iL6 neurons can be described as classical, non-
accommodating according to criteria developed by the group of Henry Markram (Gupta et 
al., 2000; Wang et al., 2002). The action potentials are narrow (spike half-width = 
0.37±0.06ms) and spike trains show sustained high frequencies (Favg to twice-rheobase 
stimulation = 165±50Hz). 
L6iL4 neurons differ from L6iL6 cells in both their spike half-widths, which are wider 
(0.63±0.07ms), and in the frequencies of their spike trains, which do not reach the sustained 
high rates considered typical of basket cells (Favg to twice-rheobase stimulation = 64±33 Hz). 
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Furthermore, these neurons also have a lower rheobase (146±75 vs. 310±122 pA; p<0.01); 
the statistical significance of this difference did not however overcome the Bonferroni 
correction. 
Therefore, like the morphologically distinct excitatory cells, the two inhibitory groups are 
also associated with contrasting physiological properties. This is graphically illustrated in 
Figure 3.16 for two physiological parameters of the inhibitory neurons, the rheobase current 
and spike half-widths. The two morphologically distinct inhibitory cell types form separate 
clusters in the physiological parameter space. L6iL6 cells are associated with a higher 
rheobase and narrower spikes compared to L6iL4 neurons. A few exceptions to this pattern 
are observed suggesting that locally arborising neurons could include subtypes with differing 
physiology, as seen in the basket cell population in general (Wang et al., 2002). All 
differences between the two groups of inhibitory neurons and those between inhibitory and 
excitatory neurons in general, are summarised in Table 3.4. 
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Figure 3.16: Physiological differences in the two types of L6i cells 
Each black dot represents a neuron in L6 that is classified as inhibitory by its distinctive 
axonal and dendritic morphology or by its hyperpolarising effect on a post-synaptic cell. The 
two physiological parameters plotted for each cell are the half-width at half height of the 
action potential and the rheobase current. 
Blue squares and red circles represent, respectively, cells with axonal trees ascending into L4 
and those with axons restricted to infra-granular laminae. The morphology of the remaining 
neurons was either not recovered, or was insufficient to make this distinction. 
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Figure 3.17: Morphology of an L4-projecting inhibitory L6 neuron 
Left: Low magnification image of the slice showing one biocytin-filled neuron in L6 and three 
in L4. The inhibitory cell in L6 was found to be pre-synaptic to the pyramidal neuron in L4 
indicated by the arrow; the synapse is described in Figure 5.19 of the next chapter. 
Right: Higher magnification of the area in the left image bounded by the box. The arrows 
indicate the smooth dendrites of the L6 neuron and arrowheads its axon collaterals, which 
show numerous small en passant boutons. 
 
Martinotti cells vs. basket cells 
 
Both basket cells (Kisvárday et al., 1987; Lund et al., 1988) and Martinotti cells (Wang et 
al., 2004) in infragranular laminae are known to have projecting axons that specifically target 
superficial layers; Martinotti cells, by definition, innervate L1. These two inhibitory neuronal 
types also differ based on the formation of synapses specifically on post-synaptic somata and 
dendrites, respectively (Kisvárday et al., 1985; Kisvárday et al., 1987; Wahle, 1993; Wang et 
al., 2004). 
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Though no innervation of L1 by axons of L6iL4 cells could be detected in this study, these 
neurons could belong to either the basket or Martinotti cell class, since the severing of an L1-
projecting branch cannot be ruled out and electron microscopic determination of soma- 
versus dendrite-targeting was not attempted. There are however differences in the 
morphology of some of the L6iL4 neurons defined in this study and those of Martinotti cells 
described by Wang, et al. (2004). The high magnification of these neurons, seen in Figure 
3.17, reveals axons with beady varicosities along their axons with hardly any of the ‘spiny 
boutons’ ascribed to Martinotti cells. Furthermore, the dendrites are smooth and not ‘hairy’ or 
‘furry’ like those of Martinotti cells are described. 
Physiologically, Martinotti cells in L6 are reported to have the highest threshold for action 
potential initiation, which is interpreted as allowing large excitatory inputs to L6 before being 
activated. While no difference in spike threshold is seen in my data, L6iL4 neurons have a 
lower rheobase, implying that these neurons only require small excitatory inputs to be 
activated. The action potential trains of L6iL6 cells however, like those of Martinotti cells, 
show spike frequency adaptation and lower maximal frequencies than the classical fast-
spiking interneurons. 
 
Excitatory versus inhibitory neurons 
 
As a class, inhibitory cells differ from excitatory cells in most of their physiological 
parameters, both passive and active. Of the former, the membrane time-constant is the most 
distinctive, with inhibitory neurons having a time-constant of 9.6±3.5 ms compared to 
14.1±4.1 ms in their excitatory counterparts. Their input resistances are also lower, but not 
significantly so, owing to the large variance seen in both groups of neurons. 
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The firing patterns, both of single spikes and trains of action potentials, are also distinct. 
Inhibitory neurons, as a group, have spikes that are shorter and narrower than those of 
excitatory cells. The difference in spike width is significant even when comparing L6iL4 
neurons that have wider spikes among the inhibitory population (0.63±0.07 ms) and CT 
neurons, which have the narrower spikes among the excitatory cells (0.77±0.12 ms). Both the 
rise and fall slopes of the action potential are faster in inhibitory neurons suggesting that 
differences in both Na
+
 and K
+
 channels underlie the differences in action potential amplitude 
and half-width. Furthermore, The spike amplitudes of inhibitory cells are smaller than that of 
excitatory cells (81±9 vs. 102±8 pA). 
The threshold for action potential initiation differs between the two populations. Inhibitory 
cells have significantly lower thresholds than excitatory neurons (-36.4±5.5 vs. -31.3±4.9 
mV, respectively). The threshold does not differ between the respective subgroups of 
excitatory and inhibitory L6 neurons. 
The average frequency of the train evoked by twice the rheobase current is higher in both 
inhibitory neuron subtypes compared to excitatory neurons (165±50, 64±33 and 26±7Hz in 
L6iL6, L6iL4 and excitatory cells, respectively). These spike trains also show lesser frequency 
accommodation in inhibitory neurons than in excitatory cells (adaptation indices of 33±24 vs. 
69±17, respectively). Thus, despite the variety of neuronal types within the excitatory and 
inhibitory populations, these two basic functional neuronal types are physiologically distinct. 
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Table 3.4 
L6iL6 (n=9) L6iL4 (n=9) p-value ROC area L6i (n=31) L6e (n=72) p-value ROCarea
RMP (mV) -68.5+/-4.5 -67.9+/-7.0 0.86 -68.5+/-4.6 -70.4+/-4.1 4.3E-02 0.61
Input resistance (Mohms) 97.7+/-43.5 132.6+/-37.3 0.12 128.2+/-48.8 149.3+/-51.8 0.12
Membrane tau (ms) 7.2+/-1.9 10.7+/-3.9 0.06 9.6+/-3.5 14.4+/-4.1 1.2E-07 0.83
Rheobase (pA) 310.0+/-122.1 146.2+/-75.4 7.3E-03 0.89 205.2+/-124.7 162.8+/-74.8 0.15
AP1 amplitude (mV) 74.1+/-5.5 82.6+/-6.8 2.0E-02 0.88 80.9+/-9.3 101.8+/-7.8 1.1E-20 0.96
AP1 latency (ms) 17.3+/-7.8 76.6+/-44.9 4.4E-03 0.96 73.1+/-77.5 104.4+/-52.6 1.5E-05 0.72
AP1 half-width (ms) 0.37+/-0.06 0.63+/-0.07 6.2E-06 1.00 0.54+/-0.16 0.90+/-0.19 5.3E-15 0.93
AP1 rise slope (mV/ms) 67.4+/-18.9 78.3+/-13.5 0.22 76.9+/-21.9 102.4+/-20.8 1.9E-07 0.81
AP1 fall slope (mV/ms) -117.8+/-24.8 -79.9+/-17.2 4.1E-03 0.93 -94.5+/-27.2 -64.1+/-19.6 4.9E-09 0.82
AP1 threshold-absolute (mV) -35.3+/-6.2 -37.6+/-6.2 0.49 -36.4+/-5.5 -31.3+/-4.9 1.1E-05 0.76
AP1 threshold-relative (mV) 31.0+/-3.4 30.5+/-4.1 0.80 32.0+/-4.9 39.1+/-4.5 1.3E-10 0.87
AP1 fAHP amplitude (mV) -22.5+/-4.9 -17.2+/-4.8 0.06 -19.7+/-4.3 -11.4+/-4.4 2.6E-14 0.91
AP1 sAHP amplitude (mV) -16.3+/-3.9
AP1 fAHP latency (ms) 1.76+/-0.38 3.21+/-1.02 3.6E-03 0.96 3.0+/-2.0 6.8+/-5.0 2.2E-07 0.82
AP1 sAHP latency (ms) 41.9+/-30.4
Max avg frequency (Hz) 220.7+/-37.2 129.1+/-56.6 3.0E-03 0.96 146.7+/-76.6 44.4+/-14.5 2.6E-11 0.88
Max 1st inst. frequency (Hz) 258.3+/-37.7 184.0+/-61.3 1.6E-02 0.84 221.8+/-65.4 187.0+/-71.1 1.1E-02 0.65
Max 2nd inst. frequency (Hz) 249.8+/-39.1 175.0+/-55.4 1.3E-02 0.89 205.4+/-61.0 99.9+/-54.9 6.2E-10 0.88
2*Rheobase Trace: Avg. freq. (Hz) 165.0+/-49.9 63.8+/-32.5 7.3E-04 0.96 86.2+/-71.1 26.5+/-6.4 4.1E-08 0.74
2*Rheobase Trace: 1st inst. freq. (Hz) 200.8+/-47.6 88.3+/-22.6 1.1E-04 1.00 127.9+/-65.1 106.3+/-67.1 3.8E-02 0.62
2*Rheobase Trace: 2nd inst. freq. (Hz) 191.0+/-52.7 83.0+/-30.2 5.1E-04 0.96 116.1+/-66.5 46.3+/-30.2 8.0E-10 0.87
2*Rheobase Trace: Adaptation index 24.6+/-14.1 29.1+/-23.9 0.67 33.2+/-23.5 68.8+/-16.7 4.2E-12 0.88
2*Rheobase Trace: Adaptation tau (ms) 276.8+/-354.4 73.6+/-52.5 0.16 153.1+/-257.3 12.9+/-12.1 7.8E-08 0.90
IFavg fit: Saturation freq (Hz) 616.2+/-755.1 457.8+/-425.7 0.69 477.0+/-608.7 70.7+/-32.9 5.6E-12 0.97
IFavg fit: 1/slope 985.2+/-1764.9 1002.6+/-1132.7 0.81 960.5+/-1589.6 277.2+/-248.1 2.7E-02 0.65
IFavg fit: Rheobase (pA) 327.8+/-148.6 181.3+/-50.8 1.3E-02 0.89 241.8+/-133.6 176.4+/-74.9 5.0E-02 0.65
IFinst fit: Saturation freq (Hz) 397.0+/-132.7 812.3+/-980.2 0.29 508.6+/-535.1 476.9+/-644.9 5.9E-04 0.64
IFinst fit: 1/slope 301.3+/-222.6 1703.3+/-2401.8 0.06 813.1+/-1370.0 892.5+/-1668.8 0.06
IFinst fit: Rheobase (pA) 333.8+/-138.7 163.7+/-45.2 2.7E-04 1.00 219.0+/-126.5 188.9+/-105.1 0.11
IFinst fit slope / IFavg fit slope 1.15+/-0.81 1.49+/-0.85 0.44 1.35+/-0.97 4.38+/-6.72 1.4E-02 0.55
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Table 3.4: Physiological parameters of inhibitory cells in L6 
The table lists the physiological properties of inhibitory cells in L6. The two morphologically 
identified types (locally arborising and L4-projecting) are compared on the left; all L6i cells 
are compared with excitatory L6 cells on the right. Parameters where the t-tests reach 
significance are indicated in bold. For a list of abbreviations, see Table 3.3. 
 
 
3.5. Discussion 
 
This chapter has documented the diversity of neurons that make up the complement of 
layer 6 in the barrel subfield of the primary somatosensory cortex in rats. L6 is the widest 
cortical lamina, occupying up to one third of cortical thickness, and contains the most number 
of neurons of any lamina (Beaulieu, 1993). Not much is known however about these neurons, 
especially with regard to their physiologic and synaptic properties. 
Anatomically, one class of neuron in L6 is well defined: the corticothalamic cell. These L6 
neurons provide the numerically massive feedback onto thalamic projection cells and 
reticular neurons, and are known to modulate the thalamic relay of sensory input (Wang et 
al., 2006). The other neurons in L6 that do not project to the thalamus are not well 
understood. This chapter has provided morphological and physiological data on CT and other 
excitatory and inhibitory neurons in L6; each group is unique in both aspects and therefore 
likely to subserve specific functional roles. The circuit and function of L6 can now be studied 
in the context of its constituent elements. 
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3.5.1. Thalamic injections and CT cell labelling 
 
Corticothalamic neurons were labelled in this study by injecting a retrogradely transported 
dye into the VPm nucleus of the thalamus. The logic of such an injection is that the dye is 
taken up by the axons that arborise in this nucleus and then transported retrogradely along the 
axons to label the somata and dendrites of the neurons that give rise to these terminations. 
Due to the lack of specificity in the uptake and transport of the dye, it could also be taken up 
by the somata and dendrites of neurons in the thalamus and transported in an anterograde 
direction to the sites of their axon terminals. 
Evidence of both retrograde and anterograde transport was seen after injections of TMR-
Dextran (m.w. 3000) into the VPm nucleus of the thalamus (Figure 3.2). Corticothalamic 
neurons, whose somata are located in upper L6, were labelled in the barrel cortex, and a 
diffuse neuropil staining in L4 was also observed. This signal could arise from the axon 
collaterals of CT neurons, which are known to arborise extensively in L4, but also as the 
result of anterograde transport of dye in the axons of thalamic relay neurons; both are likely 
scenarios. However, the clear definition of barrels by the fluorescent label also favours the 
anterograde transport hypothesis, since intracortical collaterals of CT cells are not known to 
be restricted to L4 barrels (Zhang and Deschênes, 1997). 
The labelling of L6 neurons after injection into the VPm was restricted to the upper half of 
L6 (L6a), and distributed continuously with respect to barrels in L4, as also reported 
previously by Killackey and Sherman (2003) in a study on adult rats. They also report that 
neurons in L6a are labelled by injections into the Po nucleus; the labelled cells in that case 
are restricted to a vertical band in L6a directly under septal regions of L4. The dendritic and 
intracortical axonal morphology of that population of CT neurons projecting to both the VPm 
and Po nuclei are described in the study by Zhang and Deschênes (1997). CT neurons 
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therefore come in two varieties in L6a, one exclusively targeting the VPm and another 
terminating in both relay nuclei in the thalamus. The CT cells targeted in this study should 
include both populations, since no attempt was made to target only neurons under L4 barrels. 
 
3.5.2. The slicing procedure 
 
The antero-posterior tilt angle of the brain was altered to 30º from the 10º described in the 
method for obtaining thalamocortical slices by Agmon and Connors (1991) and Land and 
Kandler (2002). This is crucial to have the apical dendrites of pyramidal L6 neurons oriented 
parallel to the plane of the slice in the region of the large medial barrels where the labelled 
neurons were targeted. Rising axon collaterals of CT neurons also travel in this plane, and the 
length of collaterals seen in L4 was improved by this modification, though this was not 
quantified. 
The medio-lateral angle of 50º used by Land and Kandler (2002) was retained, but the 
preservation of connections between the thalamus and cortex was not tested systematically. 
In hindsight therefore, a 45º angle could have been used, since the preservation of thalamic 
axons is not crucial to this study and this angle is parallel to the rows of barrels (Ajima and 
Tanaka, 2006a). The difference is small, but the extension of axon and dendrite along the 
plane of the slice, and therefore towards smaller (laterally) and larger (medially) barrels, 
could therefore be quantified with greater precision had this angle been used. 
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3.5.3. Classification of excitatory L6 neurons 
 
The population of CT neurons in this study are those labelled by the thalamic injection, i.e. 
tmr-positive neurons in L6a. These are pyramidal neurons with a thick descending axon that 
projects to the thalamus, rising intracortical collaterals that target L4, and an apical dendritic 
tuft situated in, or just below L4. The consistent and stereotypic morphology of this class of 
neuron is used as a template to compare and contrast other excitatory cells in L6. Cells with a 
contrasting axonal pattern, with no subcortical projection and long horizontal collaterals are 
labelled corticocortical (CC) neurons. This is a scheme similar to that revealed in-vivo in the 
barrel cortex by Zhang and Deschênes (1997; 1998). Their conclusion was that about half the 
excitatory cells in L6a project to the thalamus (CT) and the other half to distant cortical sites 
(CC), predominantly the primary motor and secondary somatosensory areas. Bulk injections 
in the rat barrel cortex revealed only a small projection from L6 to the claustrum, and they 
did not encounter any claustral-projecting cell in their single-cell filling experiments. The 
claustral projection therefore arises from a small number of neurons in L6 and further work is 
required to characterise these cells in the rodent somatosensory system. 
CC neurons include excitatory neurons of both pyramidal and non-pyramidal morphology 
(bipolar, inverted pyramidal and non-specific dendritic morphologies). The diversity of spiny 
cell morphologies in L6 has been recorded since the studies of Ramon y Cajal (Tömböl, 
1984). The numbers of non-pyramidal CC neurons is however greater in the lower half of L6 
and only a few such neurons were encountered in my experiments. The anatomy and 
physiology of only the pyramidal CC neurons are described in detail in this study. 
Two basic pyramidal cell populations in L6 are therefore identified in my study: CT and 
CC neurons. Attempts to identify subtypes within the CT population, as described by Zhang 
and Deschênes (1997), were however futile. That study distinguished two CT populations 
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based on the site of the apical dendritic tuft and axon collateral ramification. Cells either had 
an apical tuft within L4, with dense axonal ramifications within the same layer, or had a tuft 
and axonal branching that ended just below L4. The apical dendritic tufts of CT cells in this 
study however formed a continuum between being located completely in L4 to completely 
below L4 (Figure 3.6). Somata of the former are located higher in L6, suggesting that the 
difference in the location of the tuft is due to a constant length of the apical dendrite such that 
neurons deeper in L6 have apical dendrites that end lower and vice-versa. No significant 
differences in the physiological properties of these neurons are seen with respect to the 
location of either the soma or the apical tuft (Figure 3.10). 
CC neurons, on the other hand, could be sub-classified based on their morphological 
features. Two types of CC neurons could be discerned, one type similar to the cells described 
earlier by Zhang and Deschênes (1997) as having a star-like dendritic tree, and another 
resembling neurons described as ‘nontufted’ pyramidal cells in a study on the rat visual 
cortex by Zarrinpar and Callaway (2006). These two populations, which I label CC1 and 
CC2, have differing dendritic structures. CC1 dendrites resemble fir trees in appearance, with 
a tapering length and number of apical oblique branches with distance from the soma. The 
length of apical oblique branches of CC2 cells, on the other hand, increase in L5b and L5a, 
giving these neurons a candelabrum-like appearance. In addition to the differences in 
appearance, the lengths and spans of the dendrites of these neurons differ as a function of 
cortical lamination (Figure 3.8). The input to these neurons therefore potentially arises from 
differing regions of the cortical column. 
This morphological distinction, unlike those in CT neurons, is associated with 
physiological differences. CC1 cells reveal a greater tendency to burst than CC2 neurons, 
with high frequency doublets and triplets fired in response to low stimulus intensities. The 
first and second inter-spike intervals in the train are much shorter than those in CC2 cells, 
which also result in steeper I-F relationships (Figure 3.12). These contrasting dendritic and 
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physiological features could be associated with differing axonal arbours and target structures; 
this prediction however requires in-vivo studies to confirm. 
Excitatory L6 neurons have been classified in earlier studies based on their axonal 
projections (Katz, 1987; Zhang and Deschênes, 1997), dendritic structure (Zarrinpar and 
Callaway, 2006), neurotransmitter used (Kaneko et al., 1995), physiological (van Brederode 
and Snyder, 1992; Brumberg et al., 2003) and synaptic properties (Beierlein and Connors, 
2002). These studies, and their merits and drawbacks, have been presented individually in 
chapter 2 of this thesis. Most studies looking at physiological differences between neurons 
however fail to use the axonal morphology to determine the class of cell. My results show 
that this is the critical parameter that distinguishes neurons in L6 into CT and CC types, 
though accompanying differences in dendritic structure do exist. 
The study by van Brederode and Snyder (1992) used very similar morphological criteria to 
define ‘long’ and ‘short’ L6 pyramids. They describe the axons of ‘long’ L6 cells as thick and 
running “straight down to the underlying white matter,” while in the ‘short’ cells “only a thin 
collateral could be followed into the white matter, while most of the axon ramified locally in 
layer 6.” Smaller numbers and the inclusion of cells in L5 in their sample possibly prevented 
them from associating discrete physiological properties to the two groups. 
My findings however differ from some of the earlier studies in the following ways. At 
least two distinct CC neurons are identified in my study, with the CC1 neuron corresponding 
to that described by Zhang and Deschênes (1997) and the CC2 type to that in the in-vitro 
study by Zarrinpar and Callaway (2006). The cells described in the two studies correspond 
respectively to the CC1 and CC2 cells described here. The mapping experiments by Zarrinpar 
and Callaway show that the areas in the slice contributing inputs to the morphologically 
different L6 neurons vary. This agrees with the prediction of my data that differing dendritic 
structures are associated with contrasting input domains, though many caveats exist in the 
interpretation of such experiments. For example, stimulation by optical methods can 
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potentially activate pre-synaptic cells at sites distant from their somata. Furthermore, 
activation thresholds may vary from cell type to cell type, thus potentially resulting in under-
sampling from some populations. 
Kaneko et al. (1995) demonstrate two types of excitatory neurons in L6 based on the use 
of glutamate and aspartate as neurotransmitter. They used the expression of the enzyme 
phosphate-activated glutaminase (PAG) to distinguish between glutamatergic (PAG-positive) 
and aspartatergic (PAG-negative) pyramidal neurons. Their illustration of these two 
populations (their figure 12, reproduced here in chapter 2) resembles CC and CT neurons 
respectively, with the former having an apical dendrite ending below L4 and axonal 
collaterals extending widely in L6. This finding however needs to be revisited in the context 
of the axonal and dendritic structures. Only five of the twelve PAG-positive neurons in their 
study (resembling CC1 neurons) have apical dendrites that end in L5, with two of these 
physiologically behaving like PAG-negative cells. Furthermore, the depolarising after-
potential does not reliably differentiate neurons in my data, with neurons of both CT and CC 
types displaying such potentials. 
In an earlier study in the rat somatosensory system, Giuffrida and Rustioni (1988) report 
that 57% and 56% of CT neurons in S1 are immunopositive for glutamate and aspartate 
respectively. In tissue processed for both amino acids, only 25% of the neurons showed 
double labelling, suggesting that most CT cells are positive for either one of the excitatory 
amino acids. Conti, et al. (1987a) further report that neurons expressing either 
neurotransmitter are virtually identical with respect to their morphology and distribution 
within L6.Thus while a neuron might use either glutamate or aspartate as the neurotransmitter 
molecule, this does not differentiate neurons into morphologically or functionally unique 
groups. 
The conclusions of Brumberg et al. (2003) reached in the mouse visual cortex are in some 
respects at antipodes to mine. In their study two L6 populations were identified based on the 
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ability to elicit a retrograde spike by stimulation in the white matter. Neurons stimulated 
antidromically were assumed to have a descending axon and therefore considered to be CT 
neurons, while those that did not respond were assumed to lack an axon in the white matter 
and therefore considered to be CC cells. Antidromic neurons (presumed CT) had lower 
spiking thresholds and narrower spikes with smaller after-hyperpolarisation. They were also 
more excitable, with more spikes in a train in response to the same strength of injected 
current. If their antidromic neurons are indeed CT and non-antidromic CC, this latter finding 
disagrees with mine: CT neurons in my data have a higher rheobase, but the average train 
frequency does not differ when compared at twice-rheobase. 
The inconsistency could arise from their definition of a corticothalamic cell. As the 
morphological reconstructions in my study show, many CC cells have axons that project for 
some distance into the white matter. These axons are distinct from those of CT neurons, 
being very thin with no obvious subcortical target. However, it would be possible to evoke 
antidromic responses in these cells by stimulating in the white matter below L6. Furthermore, 
an ideal orientation of the slice is paramount for preserving the descending axon, and some 
CT cells would not respond to stimulation in the white matter if the axon were severed close 
to the soma.  The two populations described by Brumberg et al. could therefore include both 
CT and CC cell types. Their morphological reconstructions, which only include dendrites, 
also suggest that slicing angles have resulted in severe pruning of the neuronal structure. 
In conclusion, the retrograde labelling of CT cells in this thesis provides a reliable way to 
characterise the morphology and physiology of these neurons and allows for different 
populations of L6 neurons to be distinguished in a quantifiable manner. CT and CC neurons 
are the two main excitatory populations in L6, differentiated based on both their structural 
features and their physiological properties. Both types likely comprise of subtypes, as shown 
for the CC population, but further studies are required to explore the properties and functional 
roles of each neuronal subtype within the CT and CC groups. 
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Functional implications of CT and CC cell properties 
 
The specific functional roles of the different excitatory L6 neurons are yet to be 
determined. CT neurons are known to provide cortical feedback to the thalamic nuclei, thus 
modifying thalamic relay with various potential consequences (Godwin et al., 1996; Montero, 
2000; O'Connor et al., 2002; Andolina et al., 2007). The role of their projection to L4 is less 
well understood. CC neurons, on the other hand, are known to project to motor, second 
somatosensory and other cortical regions (Burkhalter, 1989; Zhang and Deschênes, 1997, 
1998), with potential roles in the coordination of whisking activity and sensation. 
Differences in their structure provide further clues towards their functional roles. For 
example, the contrasting horizontal dimensions of the intracortical axon collaterals of CT and 
CC cells imply contrasting targets for both these neurons. Furthermore, while L4 forms the 
main target for thalamocortical axons, CT cells also receive thalamocortical synapses (Keller 
and White, 1989); this projection is whisker specific, i.e. relates mainly to the principal 
whisker of the thalamic neurons (Simons and Carvell, 1989; Brecht and Sakmann, 2002). The 
ramification pattern of CT axon collaterals therefore implies that thalamic information 
arriving at L6 is relayed to L4 in a spatially restricted manner, akin to the projections of spiny 
stellate neurons in L4 (Lübke et al., 2000; Staiger et al., 2004). It is not known if CC cells in 
L6 also receive thalamic input, but the widespread projections of CC cells provide the 
morphological basis for trans-columnar relay of whisker-related information. 
Contrasting physiological features accompany morphological differences between CT and 
CC cells; these have potential functional implications as well. For example, CT neurons have 
a higher rheobase than CC cells, i.e. require greater current injections to cause them to cross 
their spiking thresholds. This relates directly to the in-vivo finding that CT neurons do not 
respond readily to sensory stimulation, and firing is evoked only when the principal whisker 
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and the topographically matched afferents from the motor cortex are simultaneously 
stimulated (Lee and Simons, 2005). CT neurons in L6 could therefore code very specific and 
behaviourally relevant deflections of the whisker. CC neurons, on the other hand, require 
smaller current injections to discharge. No behavioural or functional correlate to this finding 
is available yet, but the implication is that stimulation of neighbouring whiskers can activate 
the CC population more readily than the CT cells, with corresponding absence of relay to L4 
and the thalamus in this case. 
Other characteristics of CT neurons, like narrower spike widths and shorter latencies, 
support the temporally and spatially constrained context of CT cell firing. These cells would 
therefore respond with short latencies to strong and specific stimulation of their principal 
whisker. Correspondingly, some of the shortest response latencies have been recorded in cells 
in this layer (Armstrong-James et al., 1992). CC neurons, with longer latencies, lower current 
thresholds and bursting behaviour possibly encode the non-specific presence of a stimulus. 
Such reliable relay of the presence of a stimulus could be very relevant for behavioural 
responses like flight. The connections of these neurons to diverse cortical regions including 
the peri-rhinal cortex support such a conclusion. 
The means for classification of excitatory L6 neurons provided in this study can form the 
basis for further investigation into the role of each excitatory cell type in the processing of 
sensory information. 
 
3.5.4. Classification of inhibitory L6 neurons 
 
The data on inhibitory cells do not have the advantage of having one morphological cell 
type unambiguously labelled; the absence of long-distance projections of inhibitory axons 
Cell types in L6 of the rat barrel cortex 
135 
precludes such labelling. However, the morphologies of the interneurons encountered in this 
study are sufficiently contrasting to identify subtypes among them. The two subtypes are 
defined based on criteria similar to those used for classifying excitatory cells, namely the 
innervation of cortical space by their axons. The axons of the L6iL6 and L6iL4 groups have 
clearly differing laminar innervation profiles, with those of the former restricted to the 
infragranular laminae and the axons of the latter specifically extending to L4 and L3, while 
avoiding most of the intervening L5. This is a scheme very similar to that described in L6 of 
the primary visual cortex of the macaque monkey (Lund et al., 1988), where the authors 
describe, in Golgi-labelled tissue, a variety of interneuron morphologies; the axonal targeting 
of L4 by subtypes of L6 interneurons is striking. 
As presented in the results, it was not determined whether the L6iL4 cells belonged to the 
morphological class of basket or Martinotti cells, or the cytochemical class of somatostatin-
expressing neurons, all of which are known to have axons projecting from infragranular to 
supragranular laminae (Kisvárday et al., 1987; Lund et al., 1988; Wang et al., 2004; Ma et al., 
2006). Similarly, cells with locally arborising axonal morphologies could include 
parvalbumin- and cholecystokinin (CCK)-expressing interneurons (Kawaguchi and Kondo, 
2002), both with associated differences in physiological properties. Though the cytochemical 
class of L6i neurons was not determined, it is therefore likely that each group consists of 
more than one cell class based on the expression of calcium-binding proteins. This diversity 
likely underlies the electrophysiological outliers of L6iL6 neurons seen in Figure 3.16. 
Similar lamina-specific axonal ramification patterns been used recently to distinguish 
neuronal types in both the hippocampus and neocortex of mice (Cossart et al., 2006; 
Dumitriu et al., 2007); associated differences were observed in the physiological properties of 
synapses formed onto different types of interneurons classified in this manner. Physiological 
data of excitatory synapses formed onto both L6iL6 and L6iL4 neurons are presented in the 
following chapter, with findings similar to the studies mentioned above. 
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The presence of inhibitory cells in L6 with interlaminar projections targeting L4, along 
with a similar type of excitatory cell, the CT neurons, underscore the links between these two 
cortical laminae. Furthermore, the axons of thalamic relay neurons selectively arborise in 
these two layers as well (LeVay and Gilbert, 1976; Herkenham, 1980; Freund et al., 1985a). 
While the excitatory projections from L6 to L4 have been the focus of numerous studies 
(McGuire et al., 1984; Ahmed et al., 1994; Stratford et al., 1996; Zhang and Deschênes, 
1997), the corresponding inhibitory projections have not been characterised yet, possibly due 
to the relatively small number of investigations into cell types in L6 in general. 
This study, while not providing quantitative data on the number of cells involved in the 
inhibitory projection to L4, does suggest that it is a significant number (of 18 neurons whose 
morphology was recovered to a degree sufficient to make the distinction, the axons of 9 were 
determined to have upward projecting axons). Examples of such neurons were also 
encountered in the rat barrel cortex by Zhang and Deschênes (1997) their in-vivo labelling 
study. Furthermore, the group of Henry Markram (Markram et al., 2004; Wang et al., 2004) 
claim that about 50% of interneurons in L6 belong to the Martinotti cell class, which are 
known to ramify in L4 while also projecting to L1. Therefore, a significant number of 
inhibitory cells in L6 could be involved in interlaminar communication. 
Interlaminar inhibitory connections from L6 to L4 were specifically documented in the 
macaque visual cortex by Lund et al. (1988). They document, in Golgi-stained material, a 
variety of smooth cells based on their dendritic and axonal arborisation patterns. The neurons 
involved in interlaminar projections included both cells forming peri-somatic baskets with 
their axons and those that did not. Based on this and the diversity of dendritic patterns in 
these cells the authors concluded that the interlaminar projection is mediated by more than 
one class of neuron. 
The interlaminar inhibitory projection from L6 to L4 has therefore been documented by 
many studies in a variety of species. At least in the monkey, this projection appears to 
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correspond with the excitatory projections from L6 to L4. Parallel excitatory and inhibitory 
pathways from L6 to L4 could synchronise activity in these two layers in response to sensory 
inputs arriving via the thalamus, and the relay of this information from L4 would therefore 
depend on the activity of both excitatory and inhibitory cells in L6. The functional relevance 
of these projections needs to be investigated further, especially within the context of the L6 
network. 
Only one study documents the physiological effect of this inhibitory pathway (Wirth and 
Lüscher, 2004). In this study, extra-cellular stimulation of L6 in slices of the rat barrel cortex 
resulted in an early (probably mono-synaptic) inhibitory effect in L4, as measured by local 
field potentials. This was followed shortly by excitation and a delayed, and long-lasting 
inhibition. The interlaminar inhibitory pathway could mediate this early, short-lasting 
inhibition in L4, since the rheobase of L6iL4 neurons were much lower than those of CT 
neurons. The excitation of CT neurons, and could provide the following excitatory phase, 
which could then recruit inhibitory activity in both L4 and L6. This study therefore 
documents the physiological effect of the inhibitory L6!L4 projection, but whether this 
pattern of activity is also seen in response to thalamic or sensory stimulation needs to be 
studied. 
In summary, the data presented in this chapter identifies specific excitatory and inhibitory 
neuronal subtypes in L6. The axonal and dendritic structures of the different neuronal types 
implies their participation in contrasting, and possibly complementary cortical circuits, since 
the regions of cortex where they receive input from and send their output to differ. Distinct 
functional roles for these neuronal types are also suggested by the differing biophysical 
properties of these neuronal types; these are illustrated in Figure 3.18. 
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Figure 3.18: Overview of cell types described in L6 
Two basic types each of excitatory (CT and CC; axons in shades of red) and inhibitory (L6iL4 
and L6iL6; axons in shades of blue) neurons in L6, each with distinctive morphological and 
physiological properties. 
 
 
The identification of distinct neuronal types leads to the question of how these different 
cells are connected. All the cell types identified in this study inhabit the same cortical region, 
i.e. the upper half of layer 6 in the rat barrel cortex. The axonal and dendritic fields of these 
cells therefore overlap and potential synaptic contacts exist between them all. Therefore, is 
the L6 network formed by random interconnectivity between these neurons, or are there rules 
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underlying the connectivity within the network? The issues involved can be summarised as 
follows: 
1. Does a neuron recognise and selectively form synaptic connections with another neuron 
of a specific type? 
2. If so, which neurons are connected to each other, and in what proportion, and which not? 
3. In the case of either exclusive or random interconnectivity, what are the properties of the 
synapses formed between neurons of specific types? Do the synaptic properties depend on the 
identity of either the pre- or the post-synaptic neuron, or both? 
These questions are addressed in the next chapter, where I present data on the synapses 
encountered between neurons of the types illustrated above, both excitatory and inhibitory, 
with valuable insights to be gained on the organisation of the network in L6, and cortical 
circuits in general. 
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4. Networks involving L6 cells 
 
Personal contribution: All in-vivo injections, physiological experiments and data 
analyses were conducted by me. I acknowledge the contribution of Simone Rickauer in 
providing technical help for the experiments, processing histological tissue and in the 
reconstruction of some neurons. I prepared the manuscript. 
 
 
At least two types of morphologically and physiologically distinct excitatory and 
inhibitory neurons have been described in the previous chapter that reside in layer 6 (L6) of 
the primary somatosensory cortex of rats. One type of excitatory L6 neuron, the 
corticothalamic (CT) cells, are known to contribute a large number of synapses to cortical L4 
above, and also to the thalamic nuclei that relay sensory information to cortex, thus 
potentially able to influence both, the sensory information reaching cortex, and 
simultaneously, the response of cortical neurons receiving this information. The activity of 
CT cells, and therefore their influence, can only be studied in the context of the network that 
they are embedded in; this chapter presents data on the organisation of the network formed by 
the four neuronal types in L6. 
There is a defined set of data required in order to describe and model a network of 
neurons; these are summarised below. 
1. The reliable identification of the neuronal types involved in the network. The major cell 
types within L6, based on anatomical and physiological criteria, were defined in the 
preceding chapter. The other layer linked intimately to L6 is L4, and the excitatory and 
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inhibitory neurons in this layer have been described earlier in the rat barrel cortex (Lübke et 
al., 2000; Wang et al., 2002; Markram et al., 2004; Staiger et al., 2004). 
2. The absolute and relative numbers of each type of neuron, and the probability of a 
neuron of one type contacting another. 
3. The physiological properties of the synaptic connections, e.g. the strength and reliability 
of the synaptic response, for each combination of pre- and post-synaptic neuron. 
4. The short-term dynamics of the post-synaptic response in response to repeated pre-
synaptic stimulation. 
5. The potential for long-term changes in synaptic physiology in these connections. 
These requirements form the framework around which I present my data on the 
connections formed between cells in L6 of the rat barrel cortex; some are satisfied to a 
greater extent than others. For example, the technique of dual simultaneous whole-cell 
recordings used in this work provides data that mainly addresses points 3 and 4 above. 
Recovery of the anatomy allows the synaptic properties to be tagged to the morphologically 
and physiologically defined neuronal types, both pre- and post-synaptic. 
The inability to reliably sample randomly from each neuronal class however prevents this 
method from determining the absolute and relative numbers of each cell type, and therefore 
the probability of connections between them (point 2). Furthermore, the experiments are also 
not designed to test long-term changes in synaptic properties that might underlie 
developmental or experience-induced changes in the network. Nevertheless, there are 
important insights gained into the structural and functional nature of the network in L6, 
which could guide further investigation into the organisation and function of this lamina and 
of cortical circuits in general. 
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4.1. The synaptic connections encountered in this study 
 
Dual simultaneous patch-clamp recordings were performed from neurons in slices of the 
barrel cortex in 14-23 day old rats to look for physiological evidence of synaptic connections 
between the two cells. The neurons involved in forming the synapse were identified based on 
their biophysical and structural properties; the details of the experiments have been described 
in chapter 3. The classes of excitatory and inhibitory cells in L6 have been presented in the 
preceding chapter. Briefly, the excitatory complement of L6 consists of corticothalamic (CT) 
and corticocortical (CC) neurons, each with contrasting axonal, dendritic and physiological 
features; two inhibitory classes are similarly defined, one with a radial axonal spread around 
the soma restricted to the infragranular laminae (L6iL6) and another with axonal branches 
projecting to the granular and supragranular laminae (L6iL4). Anatomical classes of excitatory 
and inhibitory neurons in L4 have been described in earlier studies (Gupta et al., 2000; Lübke 
et al., 2000; Wang et al., 2002; Staiger et al., 2004). This chapter is concerned with the 
synaptic connections formed between these different neuronal types. 
To start with I summarise the connections encountered in this study between cells within 
L6 and the connections between cells in L6 and in L4; 444 connections were tested between 
two L6 neurons and 1642 connections between cells in L4 and L6 (222 and 821 experiments 
respectively where two neurons were simultaneously recorded). Synaptic connections were 
observed in 49 cases (26 between two L6 neurons and 23 between one neuron in L4 and 
another in L6); the data from one was insufficient for the analysis of synaptic physiology. 
Based on the type of pre-synaptic neuron, 36 of the 49 were excitatory synapses and 13 
inhibitory. Of the 36 excitatory connections, 19 were formed onto other excitatory cells 
(E!E synapses) and 16 onto inhibitory cells (E!I synapses). Of the 13 inhibitory synaptic 
connections encountered, 12 were formed onto excitatory cells (I!E synapses) and only one 
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onto another inhibitory neuron (I!I synapse). Due to the paucity of I!I connections in this 
data set, the three main groups of synapses studied, in the order presented in this chapter, are 
the E!I, I!E and E!E connections. 
These different groups of synaptic connections and the numbers of each type encountered 
are illustrated in the following cartoon. In 5 of the 49 synaptically connected pairs the same 
two neurons formed synapses in both directions (both cells being pre-synaptic to the other); 
all these cases involved one excitatory and one inhibitory neuron. 
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4.2. E!I synapses, or the excitation of inhibition 
 
All synaptic connections can be studied in the context of the pre- and post-synaptic 
neurons that constitute the connection; the properties of the synapse could depend on either 
one or both the cells involved. The various pre- and post-synaptic classes involved in forming 
E!I connections in my study (n = 16) are as follows. 
The pre-synaptic neuron in these synapses belongs to one of four classes, two each in 
layers 6 and 4. The sources of excitation in L6 include corticothalamic (CT) and 
corticocortical (CC) cells, the morphology and firing patterns of which have been described 
in detail in the preceding chapter. In brief, CT neurons have a principal axon projecting to the 
thalamus and intracortical collaterals that ascend in a columnar fashion to mainly target L4. 
CC neurons, on the other hand have no subcortical projection and their axons extend widely 
in the infra-granular laminae. CC neurons have a longer membrane time constant, lower 
rheobase and wider action potentials; while both cells can be described as ‘regular-spiking’ in 
response to rectangular current pulses, CC neurons fire high-frequency doublets and triplets 
in the beginning of spike trains. 
L4 sources include both spiny stellate (SS) and star pyramidal (SP) neurons. Of the 16 
E!I connections encountered, CT neurons were pre-synaptic to an inhibitory neuron in four 
instances, CC cells in six, and SS and SP neurons in three each. 
The post-synaptic inhibitory cells belong to one of three classes: 
1. Inhibitory cells in L6 with an axonal arbour restricted to infragranular laminae, i.e. L6iL6 
neurons (4 connections). 
2. Inhibitory cells in L6 with upward projecting axons, which target the granular and 
supragranular laminae, i.e. L6iL4 neurons (5 connections). 
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3. Inhibitory cells in L4 (L4i) that receive synapses from excitatory L6 neurons (2 
connections). 
In four cases the post-synaptic inhibitory L6 cell could not be reliably assigned either 
category. The previous chapter documents the anatomical and physiological differences 
between the two classes of inhibitory L6 neurons. In summary, L6iL6 neurons are smooth 
cells classified morphologically as small or large basket cells (Gupta et al., 2000; Wang et al., 
2002), and have corresponding physiological features like narrow action potentials and high-
frequency, non-accommodating spike trains. The other group of L6iL4 neurons have upward-
projecting axons and physiologically display a lower rheobase, wider action potentials and 
trains of lower frequency with greater accommodation than the L6iL6 neurons. 
Both L6iL4 and L4i cells involve the inhibition of L4 as a consequence of their activation 
and therefore excitatory synapses formed onto these cells are considered E!IL4 connections. 
L6iL6 neurons, on the other hand, are mainly involved in inhibiting the infragranular laminae, 
and excitatory synapses formed onto them are labelled E!IL6 connections. These synaptic 
classes based on the post-synaptic neuron are illustrated 
below. 
Neurons in light blue represent inhibitory cells with axons 
restricted to infragranular laminae; dark blue neurons are the 
inhibitory cells that potentially inhibit cells in L4: either 
inhibitory L4 neurons or L6i cells with an upward axonal 
projection. E!IL6 synapses (n = 4) are highlighted in pink 
and E!IL4 synapses (n = 7), in yellow; the cortical laminae 
are labelled. 
A synaptic connection between two neurons was detected 
by recording a change in the post-synaptic membrane 
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potential in response to a pre-synaptic action potential. Visualisation of the anatomical 
features of the synapse requires the use of electron microscopy and has not been attempted in 
this study. There are therefore two aspects to each synaptic connection in my data: one, the 
morphology and physiology of each of the two neurons at a light-microscopic level, which 
confirms the identity of the cells involved in the connection, and two, the physiological 
properties of the synapse(s) formed between them. These aspects are illustrated in the 
following figures where I present one example of each of the E!I synapses depicted in the 
cartoon above (one onto each type of post-synaptic cell). 
 
An example of a CC!L6iL6 connection 
 
The first synapse shown in Figure 4.1 is formed between a CC neuron and an L6iL6 
neuron. Panel A of the figure shows the slice where the two connected, biocytin-filled cells 
are seen and staining for the metabolic enzyme cytochrome oxidase reveals the barrels in L4. 
The reconstruction of the two neurons and their axonal and dendritic trees are displayed 
alongside (pre-synaptic axon in red, post-synaptic axon in green, the soma and dendrites of 
both in black). The firing properties of both cells and the average EPSP elicited in the 
inhibitory neuron in response to a pre-synaptic action potential are displayed in panel B of the 
figure. 
The pre-synaptic neuron is classified as CC based on features like the numerous thin axon 
collaterals that arborise mainly in the infragranular laminae, tapering apical dendritic 
structure and the high frequency doublet seen in the spike train (F1 to twice-rheobase 
stimulus = 208 Hz). The post-synaptic neuron is a small basket cell with a dense local axonal 
arbour, high rheobase (240pA) and high frequency spike trains. 
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The average EPSP in response to a single action potential had an amplitude of 1.9±0.8 
mV. The latency of the EPSP, measured from the peak of the AP to the point where the EPSP 
has reached 5% of its maximal amplitude, was 0.8ms. The rise time, calculated between 20 
and 80% of the maximal EPSP amplitude, was 0.5ms. The width at half-height, calculated by 
fitting a line to the ascending phase and a single exponential to the descending phase 
respectively (dotted lines in the figure), was 8.3ms. 
The reliability and dynamics of the synaptic response in this connection are illustrated in 
Figure 4.2. Panel A shows ten individual responses followed by the average (of 15 trials) to a 
train of 8 spikes at 20Hz followed 500ms later by a single action potential; this last spike tests 
the recovery of the synaptic response after the train. No failures are apparent to the first spike 
in any of the trials shown here, and the overall failure rate to the first action potential was 
11% for this connection, with a CV of 41%. 
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Figure 4.1: Synapse between a CC and a locally arborising L6i neuron. 
A. The slice revealing two biocytin filled neurons (arrows) and cytochrome oxidase staining 
of the barrels in L4. Reconstructions of the connected neurons are shown on the right; pre-
synaptic axon is in red, post-synaptic axon in green, soma and dendrites of both cells are in 
black. 
B. Upper: The respective spike trains of the two neurons. Trains elicited by rheobase 
(coloured) and twice-rheobase (black) stimuli are presented. Lower: The average EPSP (n = 
79 trials) in response to a single pre-synaptic action potential (red). The rise and fall of the 
EPSP are fitted with a line and single exponential respectively. The horizontal line indicates 
the width at half-amplitude (half-width). 
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Figure 4.2: Dynamics of the CC!L6iL6 synapse 
A. Post-synaptic response to a pre-synaptic spike train at 20Hz (bottom). A single spike 
500ms after the end of the train tests the recovery of the post-synaptic response. Ten 
individual trials are shown on top and the average response to 15 trials in the middle. 
B. The amplitude of the EPSP in response to each spike in the train normalised to the 
amplitude of the response to the first spike. A spike initiated 500ms after the last spike in the 
train tests the recovery (R) of the EPSP amplitude. 
C. Failure rates of the post-synaptic response to each spike in the train. All responses to 
paired-pulse stimuli at 10 & 20Hz. The dotted diagonal represents the unity line where both 
responses are of the same amplitude. The bold line is the linear regression to the data 
excluding the points lying on either axis; the slope and correlation coefficient are indicated. 
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The response to trains of action potentials also reveals a systematic change in amplitude of 
the post-synaptic response. In this case, the responses to successive spikes in the train were 
depressed in relation to the first, with a partial recovery seen after 500ms. The average 
responses to each spike in all train frequencies tested are displayed in panel B. These plots 
reveal that the response was consistently depressed in trains (except at 10Hz, where the 
second response was smaller than the first, but responses to successive spikes recover to the 
initial value). Corresponding failure rates for each spike shown in panel C indicate that the 
depression in trains was accompanied with an increase in failure rates. The average amplitude 
of the response to the first spike did not change significantly during the course of the 
recording session (data not shown). 
The paired-pulse responses for all trials at 10 and 20Hz are plotted in panel D. The 
majority of the points where neither PSP#1 nor PSP#2 failed, lie below the unity line 
(diagonal). Therefore, while an increase in failure rate is associated with successive action 
potentials in a train (panel C), paired-pulse depression in this connection was also mediated 
by a component independent of failure rate. The regression line (in bold) explores the 
relationship between the amplitude of the first and second responses, while ignoring failures 
of either trial. The negative slope of the regression suggests a use-dependence, i.e. a large 
PSP#1 amplitude resulted in a smaller PSP#2 amplitude; the slope is however not 
significantly lower than zero. 
 
An example of a CT!L6iL4 connection 
 
A connection formed between a pre-synaptic CT neuron, which was labelled by a 
retrogradely transported tracer injected into the thalamus, and an L6iL4 neuron, is shown in 
Figure 4.3. The former displays all the properties of a typical CT neuron, with a thick 
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descending axon that enters the white matter before being severed, upward heading 
collaterals that could be traced into L4, a short membrane time-constant (9.6 ms) and regular 
spike trains without doublets in response to depolarising current pulses. The inhibitory 
neuron also has an axon that could be followed into L4 (the filling was inadequate for 
complete reconstruction); physiologically the cell had a low rheobase (50 pA), wide spikes 
(half-width of 0.6 ms) and adapting spike trains that did not reach the high frequencies 
typical of locally arborising basket cells (Favg to twice-rheobase stimulus = 20 Hz). The 
amplitude of the EPSP, at 1.1±0.7 mV, is smaller than that of the CC!L6iL6 connection 
illustrated before in Figure 4.1; the latency (0.8 ms) and half-width (6.9 ms) of the EPSP are 
very similar. 
The responses of the post-synaptic L6iL4 cell to repeated trains of action potentials are 
presented in Figure 4.4. Ten repeated trials and the average post-synaptic response (of 15 
trials) to a train of 8 action potentials at 10Hz are illustrated in panel A. These reveal repeated 
failures in the response to the first action potential in the train. The total failure rate for this 
connection was 30% and its CV 58%, both higher than the corresponding values for the 
CC!L6iL6 connection presented before. 
Though a fewer number of train frequencies were tested for this connection compared to 
the previous synapse (Figure 4.2), the contrasting dynamics are visible both in the traces 
shown in panel A and the plots in panels B and C. A facilitation of the EPSP amplitude is 
apparent to successive spikes in the train, with a recovery from facilitation seen within 
500ms. This pattern is seen at both the train frequencies tested for this connection. The 
paired-pulse amplitude plot in panel D reveals the high failure rates seen for this synapse; in 
only two of 15 trials (at 10Hz) did both first and second pre-synaptic spike result in a post-
synaptic response. 
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Figure 4.3: Synapse between a CT and an L4-projecting L6i neuron. 
A. The slice stained for cytochrome oxidase and intra-cellular biocytin (left). The arrows 
indicate the two synaptically connected neurons, the reconstructions of which are seen on the 
right. The CT neuron (axon in red) is connected to an L4-projecting L6i neuron (axon in 
green). Axonal branches of both cells in L4 were too faint to reconstruct completely. 
B. Upper: Spike trains of both cells in response to rheobase (coloured) and twice-rheobase 
(black) currents. Lower: The average EPSP (n = 16 trials) in response to a single pre-synaptic 
AP (red). Fits to the ascending and descending phases, and the half-width, are shown in dotted 
lines. 
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Figure 4.4: Dynamics of the CT!L6iL4 synapse. 
A. Post-synaptic response to a pre-synaptic spike train at 10Hz (bottom). Ten individual 
trials are shown on top and the average response to 15 such trials is in the middle. 
B. The amplitude of the EPSP in response to each spike in the train normalised to the 
amplitude of the response to the first spike. A spike initiated 500ms after the last spike in the 
train tests the recovery (R) of the EPSP amplitude. Only two frequencies were tested for this 
connection, but both show facilitation of the response to successive stimuli. 
C. Failure rates of the post-synaptic response to each spike in the train. All paired-pulse 
responses to stimuli at 10Hz. The dotted diagonal represents the unity line where both 
responses are of the same amplitude. Only two trials are seen where neither the first nor the 
second response failed. 
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An example of a CT!L4i connection 
 
The third example of an E!I connection (Figure 4.5) shows a CT neuron contacting an 
inhibitory neuron in L4. The CT cell in this case was also labelled by the injection of a 
retrograde dye into the thalamus. It also displays upward heading axon collaterals that could 
be followed into L4 and the physiological features typical of CT neurons – membrane time-
constant of 11ms, rheobase of 170pA (not illustrated) and regular spike train without the 
high-frequency doublets characteristic of CC neurons. The morphology of the post-synaptic 
inhibitory cell involved in this connection could not be recovered. However, the firing pattern 
of the cell to sustained depolarising pulses – high-frequency trains with a delayed onset and 
minimal adaptation – is typically associated with inhibitory neurons. 
The amplitude of the EPSP in this connection (0.5±0.3 mV) is smaller than in the two 
E!I connections illustrated earlier (1.9±0.8 and 1.1±0.7mV); the latency, at 3.3ms, is the 
longest of all E!I synapses encountered, revealing the long axonal conduction delays 
involved in such interlaminar connections compared to those within the same lamina. The 
kinetics of the EPSP (rise-time = 0.9ms; half-width = 7.9ms) are similar to those of 
connections involving two L6 neurons, further supporting the hypothesis that the long latency 
is more a consequence of axonal rather that dendritic delays. 
Figure 4.6 displays the reliability and dynamics of post-synaptic responses in this 
connection. Panel A shows 10 trials (upper) and the average response (middle) to a pre-
synaptic spike train at 10Hz. The high rate of spontaneous activity is in clear contrast to the 
recordings from L6i neurons seen in the preceding figures. There is a high failure rate 
associated with the first spike in the train. The high mean failure rate and CV of the response 
to the first spike (58% and 61%, respectively) is accompanied with a facilitation of the 
amplitude of the PSP, similar to that observed in the CT!L6iL4 synapse (Figure 4.4). The 
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greater number of frequencies tested for this connection allows a better appreciation of the 
mechanisms of facilitation. Trains at all frequencies tested resulted in a similar depressing 
dynamic (panel B), and were accompanied by a decrease in failure rates (panel C) to 
successive spikes in the train. The facilitation therefore is at least partly mediated by an 
increase in release probability. Changes in both the amplitude and release probability appear 
to be frequency dependent, with the maximal change seen at the highest train frequencies and 
vice versa. This dependence is explored in a later section. 
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Figure 4.5: Synapse between a CT neuron and an inhibitory cell in L4. 
A. The slice with biocytin-filled cells (left), and reconstruction of pre-synaptic CT neuron 
(right); axon in red, soma and dendrites in black. The neuron was labelled by the thalamic 
injection. The post-synaptic L4i cell could not be reconstructed, but the cartoon cell indicates 
its position derived from the faint staining still visible. 
B. Upper: Firing patterns of the pre- and post-synaptic neurons to rheobase (coloured) and 
twice-rheobase (black) currents. The spiking pattern of the post-synaptic cell reveals a 
delayed, fast-spiking response typical associated with inhibitory neurons. Lower: The mean 
post-synaptic response (n = 37 trials) to a pre-synaptic action potential (red). Fits to the 
ascending and descending phases of the EPSP and the half-width are in dotted lines. 
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Figure 4.6: Dynamics of the CT!L4i synapse. 
A. Post-synaptic response to a pre-synaptic spike train (bottom) of 8 spikes at 10Hz. 
Individual trials are shown on top and the average response to 15 such trials is in the middle. 
Note the different scales for the individual and average traces. 
B. Average EPSP amplitudes to successive APs in the trains, normalised to the amplitude of 
the response to the first spike. A spike initiated 500ms after the last spike in the train tests the 
recovery (R) of the EPSP amplitude. A facilitation of the response is seen for trains of all 
frequencies tested. 
C. Plots of the failure rate for each spike in the train. 
D. All paired-pulse responses to stimuli at 10 and 20Hz. The dotted diagonal represents the 
unity line where both responses are of the same amplitude. The high failure rate for the first 
spike in the train is evident by the large number of points on the y-axis. The bold line is the 
linear regression to the data excluding all points lying on either axis, the slope and correlation 
coefficient of which is indicated. 
 
Networks involving L6 cells 
158 
The high failure rate to the first spike is also apparent in panel D where paired-pulse 
amplitudes for trials at 10 and 20Hz are plotted. The number of points on the y-axis of the 
plot outnumbers those on the x-axis, implying a decrease in failure rate to the paired-pulse. 
Large PSP#1 amplitudes generally result in a smaller PSP#2, but the slope of this relationship 
is flat; no clear use-dependence is therefore apparent. 
Only one other connection between a pre-synaptic L6 neuron and a post-synaptic 
inhibitory L4 neuron was encountered; in this case, the pre-synaptic cell resembles a CC 
neuron with wide horizontal collaterals in L6. The synaptic connection formed however 
shows similar physiological properties including paired-pulse and short-train facilitation (data 
not shown). The properties of all E!I synapses encountered in this study are summarised in 
Table 4.1. 
 
4.2.1. Pre- or post-synaptic setting of synaptic properties 
 
The question I ask now is whether it is the pre- or the post-synaptic neuron that determines 
the properties of the synapse formed between excitatory and inhibitory neurons. Specifically, 
is the CT, CC or L4 excitatory neuron that determines the amplitude, release, kinetics and 
dynamics of the synapse formed on inhibitory neurons, or is it the type of inhibitory neuron 
onto which the synapse is formed that determines these properties? A variety of mechanisms, 
both pre- and post-synaptic, are likely to regulate the post-synaptic response, the contribution 
of each varying in different connections. While I do not attempt to dissect out the 
contributions of each of the various sources of synaptic plasticity, I present an empirical 
description of the synaptic properties with respect to the identities of the participating 
neurons to reveal, if any, correlations between cell type and synaptic properties. 
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In order to view the dependence of the properties of a synapse on the pre- and post-
synaptic cell type Figure 4.7 presents the same physiological measures twice, once tagged 
with the post-synaptic neuronal identity and then tagged with that of the pre-synaptic neuron. 
The post-synaptic neurons are divided into the two groups described earlier, i.e. the E!IL4 
and the E!IL6 synapses, which form the first two columns respectively, in each plot of the 
figure. Based on the type of pre-synaptic neuron, the connections are grouped into those 
formed by an excitatory L6 cell (CT or CC) and those by excitatory L4 neurons (SS or SP); 
data from these groups are the third and fourth columns of each plot. The means and standard 
errors of each group are shown alongside. 
The synaptic parameters plotted in the two upper graphs are the amplitude of the first 
EPSP and the failure rates observed. Barring one synapse that results in a 6mV 
depolarisation, all others have amplitudes of about 1mV, with a mean of 1.1±1.3mV. No 
difference is seen in the amplitudes of synapses based on either the pre- or the post-synaptic 
neuron of the synapse. The failure rate on the other hand, is lower when the synapse is 
formed onto a locally arborising L6i neuron than when formed on cells involved in inhibiting 
L4. No differences are seen in failure rates when comparing E!I synapses formed by L6 
neurons versus those by L4 cells. The failure rate in synapses formed by CT and CC neurons 
overlap, but those formed by SS and SP neurons do not, suggesting that these two cell types 
form synapses with contrasting properties; the significance of this is discussed later in this 
chapter. 
 
Networks involving L6 cells 
160 
 
Figure 4.7: Synaptic properties and the pre- and post-synaptic cell types. 
Four synaptic parameters are compared based on the type of pre- and post-synaptic neuron in 
the 16 E!I connections. Each plot compares two types of post-synaptic cells on the left, and 
two types of pre-synaptic cells on the right. Of the 16 post-synaptic inhibitory cells, 12 are 
divided based on their axonal projections to L4 (L6iL4 and L4i cells; n = 8) and or restriction 
to infragranular layers (L6iL6 cells; n = 4). Data from 4 connections where the post-synaptic 
L6i neuron could not be morphologically classified are not included. The 16 pre-synaptic 
excitatory cells are divided based on their location in L6 (CT or CC; n = 10) or in L4 (SS or 
SP; n = 6). Each point represents one synaptic connection; the means and standard errors are 
plotted alongside the individual data points for each group. *, p<0.05. 
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Measures of the short-term dynamics in the synapse, the paired-pulse and steady-state 
(mean of PSP# 6, 7 & 8) ratios of the EPSP are plotted in the lower panels. These plots again 
reveal differences between synapse groups based on the post-synaptic neuron and not when 
the pre-synaptic neuron is considered. Both the paired-pulse and steady-state ratios of E!IL4 
synapses are significantly higher than those in E!IL6 synapses, with most of the former 
displaying a facilitated response. This facilitating short-term dynamics in E!IL4 connections 
are correlated with the higher failure rates, but only weakly so (data not shown). 
As in the upper panels, no differences are seen when comparing synapses based on the 
pre-synaptic neuron. Also significantly, synapses formed by both CT and CC neurons show 
either form of short-term plasticity, i.e. facilitation and depression. The differences in failure 
rates observed for synapses formed by SS and SP cells are also associated with differences in 
the short-term dynamics. Spiny stellate cells tend to form synapses with higher paired-pulse 
and steady-state ratios than star pyramidal cells, the overlap of the data is greater than seen 
for the failure rates. 
The association between the synaptic dynamics and the identity of the post-synaptic 
neuron is seen more clearly in Figure 4.8. This is the same plot shown in Figure 3.16, which 
compares the physiological properties of the two morphological types of L6i neurons. In this 
figure I add information on the dynamics of the synapse formed onto these cells wherever 
available. The picture that emerges is that depressing synapses are formed onto the locally 
arborising basket cells in L6 (or onto morphologically unidentified neurons that have the high 
rheobase and firing rates and narrow spike widths associated with these cells), and that 
facilitating synapses are formed onto inhibitory cells with an upward projecting axon that 
targets L4 and the supragranular laminae (or morphologically unidentified neurons that have 
a lower rheobase, wider spikes and higher spike-frequency adaptation than the locally 
arborising neurons). Only one exception to this pattern is recorded. 
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Figure 4.8: Association of inhibitory L6 cell subtypes with synaptic dynamics. 
Each black dot represents the physiological parameters of one inhibitory cell encountered in 
this study. The morphological category (blue squares and red circles), where available, is 
overlaid on the physiological parameters. This is the same plot shown in Figure 3.16. 
Steady-state ratios (stars) of the 14 E!L6i synapses, whether facilitating (cyan) or depressing 
(orange), is also overlaid. Barring one exception, facilitating synapses are formed on L6iL4 
cells and depressing synapses on L6iL6 cells. In four cases the post-synaptic inhibitory neuron 
could be assigned to either morphological category. 
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Figure 4.9: Recovery from facilitation and depression 
Paired-pulse (left) and steady state ratios (right) as a function of the inter-spike interval (ISI) 
of the stimulus. The ratios are calculated ignoring trials with failures; means and standard 
deviations are plotted. 
The paired-pulse ratios for both facilitating and depressing synapses are fitted with a single 
exponential curve; the respective time constants are roughly 100 and 200ms. No fitting was 
attempted for the steady-state ratios. 
 
 
4.2.2. Short-term synaptic dynamics in E! I synapses 
 
The frequency-dependence of facilitation and depression are seen in Figure 4.9. I plot on 
the left, separately for facilitating and depressing synapses, the paired-pulse ratio for each 
frequency tested (between 1 and 100Hz) against the inter-spike interval of the stimulus; on 
the right, the steady-state ratios for the same synapses are plotted similarly. The paired-pulse 
data can be fitted well with a single exponential and reveals a time-constant of decay of 
facilitation and depression of approximately 100 and 200ms respectively. The steady-state 
ratios however do not seem to follow such simple first-order kinetics. 
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In Figure 4.10, I explore some of the mechanisms underlying short-term plasticity in E!I 
synapses and attempt to understand the source of the contrasting dynamics in the two types of 
E!I connections. Panel A explores the changes that take place with the arrival of the pre-
synaptic spike, irrespective of release of neurotransmitter. It is assumed that there are no 
failures of conduction of the action potential. Data from all connections in both types E!I 
synapse (E!L4i and E!L6iL6) are pooled and only trials at 10 & 20Hz are considered. I 
compare the amplitude distribution of PSPs evoked under two conditions: one is response to 
the first, unconditioned spike (PSP#1; thin, black lines) and the other in response to a second 
spike when the response to the first failed (PSP#2; thick, coloured lines). Any difference 
between the two distributions reflects changes occurring purely in response to the arrival of 
the first spike at the pre-synaptic bouton. 
As seen in the plot on the left, the amplitude distribution of PSP#2 in E!L6iL4 synapses is 
clearly, and significantly, shifted to the right (blue line) from that of PSP#1. This indicates 
that the arrival of a spike at the pre-synaptic terminal causes a change that results, 
irrespective of release of neurotransmitter, in an increase in amplitude of the response to a 
second spike arriving soon after, i.e. facilitation involves a release-independent mechanism. 
No change is seen in the PSP#2 amplitude distribution of synapses formed onto locally 
arborising basket cells (right). No release-independent component is therefore evident in the 
depressing E!L6iL6 synapses. 
In panel B, a weak but overall positive relationship between the paired-pulse ratio and 
failure rates to the first spike is seen for all E!I connections; this is the same data is plotted 
individually in panels B and C of Figure 4.7. The number of data points for each group is too 
small to fit separately but, in general, facilitating paired-pulse dynamics are correlated with 
higher failure rates in E!I connections. 
Figure 4.11 explores use-dependence in the two groups of synapses. The aim is to see 
whether the size of PSP#2 is influenced by the size of the preceding PSP#1, the left panel 
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examines this for paired-pulse stimuli at 10 and 20Hz, and the right at 50 and 100Hz; only 
trials where a response to both first and second pulse was recorded are considered for this 
analysis. The analysis of release- and use-dependence are generally performed on a single 
connection where hundreds of repetitions to the same paired-pulse stimuli are recorded 
(Cowan and Stricker, 2004; Fuhrmann et al., 2004). However, in order to compare two 
synaptic types in this study, the data from a number of connections are pooled, which 
requires the normalisation of PSP amplitudes across connections. This is achieved by 
dividing the amplitude of each response in every trial by the average PSP#1 amplitude for 
that connection. Such a normalisation shifts the amplitudes of PSP#1s in each connection to a 
distribution with mean equal to one. Paired-pulse responses in different connections can then 
be pooled and compared. 
The plot on the left, for stimuli at 10 and 20Hz, reveals that when failures are ignored, the 
paired-pulse ratios for both synaptic groups are close to 1 (1.8±1.3 and 0.8±0.3 for the E!IL4 
and E!IL6 connections, respectively). The short-term dynamics at these frequencies in both 
connections is use-independent, with the slope of neither regression line being significantly 
different from zero. 
At higher frequencies however, a use-dependent component is seen in the paired-pulse 
response of both types of E!I connection. The facilitation in the E!IL4 synapses and 
depression in E!IL6 synapses are evident from the number of points lying above or below 
the unity line (mean ratios of 1.5±0.7 and 0.7±0.4, respectively). But the amplitude of PSP#2 
in both types of connection, irrespective of the direction of dynamics, is dependent on the 
size of PSP#1, as evidenced from the negative slopes of the regression lines; this relationship 
is stronger in the facilitating E!L4i than in the depressing E!L6iL6 connections. 
Networks involving L6 cells 
166 
 
Figure 4.10: Release-dependence of the paired-pulse dynamics 
A. The dependence of paired-pulse dynamics on neurotransmitter release. In A, thin lines 
represent the cumulative probability distributions of PSP#1 amplitudes, and thick lines that of 
PSP#2 when PSP#1 failed. Paired-pulse data at 10 & 20Hz are used for this analysis. 
B. Relationship between paired-pulse ratios (at the same frequencies) and failure rates for 
the first spike. The slope and r-squared values for the linear regression are reported. Data from 
E!I synapses where the post-synaptic neuron could not be assigned to either morphological 
category are also included. 
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Figure 4.11: Use-dependence of the paired-pulse dynamics 
Dependence of PSP#2 amplitude on that of PSP#1 for the two groups of connections: E!IL4 
(blue squares) and E!IL6 (red circles). The data for the former represents 8 and the latter, 4 
synaptic connections. Trials at 10 and 20Hz are pooled on the left and those at 50 and 100Hz 
on the right. Trials where either response failed are ignored. In order to compare different 
connections, all PSP#1 and PSP#2 amplitudes for each connection are normalised to the 
average PSP#1 amplitude for that connection. The slopes of the regression line for each data 
set are reported. 
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Table 4.1 
Pre-synaptic Post-synaptic Amplitude CV Latency Failures Rise time Half-width PP ratio SS ratio
cell cell (mV) (%) (ms) (%) (ms) (ms)
Excitation of L4 inhibition (n = 8)
1 L4eSS L6iL4 0.31 55.75 1.26 75.23 0.52 10.54 1.79 4.55
2 L4eSS L6iL4 0.51 33.68 1.93 60.67 0.49 11.75 1.68 2.35
3 L6eCT L6iL4 0.78 77.37 0.86 40.00 0.54 5.93 4.17 3.41
4 L6eCC L6iL4 1.67 55.86 1.09 1.30 0.75 12.26 0.37 0.45
5 L6eCC L6iL4 0.38 59.06 0.97 80.34 0.78 11.71 1.43 3.38
6 L6eCT L6iL4 1.14 59.70 0.82 30.43 0.43 6.89 1.04 3.94
7 L6eCT L4i 0.52 95.19 3.26 58.24 0.94 7.92 1.68 3.38
8 L6eCC L4i 0.57 57.26 1.26 18.95 0.24 6.60 1.26 1.43
Mean±SD 0.73±0.46 61.7±17.9 1.43±0.82 45.6±27.8 0.58±0.22 9.2±2.6 1.68±1.11 2.86±1.36
Max 1.67 95.19 3.26 80.34 0.94 12.26 4.17 4.55
Min 0.31 33.68 0.82 1.30 0.24 5.93 0.37 0.45
Excitation of L6 inhibition (n = 4)
1 L4eSP L6iL6 0.65 56.09 1.63 14.21 0.62 7.58 0.62 0.54
2 L4eSS L6iL6 0.35 48.91 1.82 31.63 0.96 10.09 0.86 0.90
3 L4eSP L6iL6 0.63 39.14 1.13 14.63 0.36 5.13 1.02 0.89
4 L6eCC L6iL6 1.91 40.97 0.75 10.59 0.55 8.33 0.49 0.53
Mean±SD 0.88±0.70 46.3±7.8 1.33±0.49 17.8±9.4 0.62±0.25 7.8±2.1 0.75+±0.24 0.71±0.21
Max 1.91 56.09 1.82 31.63 0.96 10.09 1.02 0.90
Min 0.35 39.14 0.75 10.59 0.36 5.13 0.49 0.53
Excitatory synapses on L4- vs. L6-targeting inhibitory cells
p-value 0.66 0.15 0.99 0.03 0.80 0.37 0.01 0.01
ROCarea 0.89 0.88 0.88
Unclassified E-I synapses (n = 4)
1 L6eCC L6i 5.74 33.34 0.81 0.00 1.06 8.85 0.57 0.39
2 L6eCC L6i 0.41 47.64 1.25 86.67 0.55 - - -
3 L4eSP L6i 1.54 31.87 2.04 0.00 0.59 8.89 0.69 0.48
4 L6eCT L6i 0.55 64.60 1.12 86.44 1.07 12.34 1.63 8.11
Mean of all E-I synapses (n = 16) 1.10±1.33 53.5±16.8 1.38±0.65 38.1±32.0 0.65±0.25 9.0±2.4 1.29±0.93 2.32±2.18
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Table 4.1: Properties of E!I synapses 
Properties of all 16 E!I synapses encountered in this study. Paired-pulse and steady-state 
ratios are average values at 10Hz including failures of release. 
 
 
4.2.3. A discussion on E! I connections 
 
Inhibition in cortex can have two roles. One is a general function required to keep 
recurrent excitation in control, thus preventing an unchecked excitatory chain of events. This 
control could also be essential for specific computational tasks, for example, sculpting 
receptive fields or modulating attention spans. These roles are not separable, but a common 
feature for inhibitory processes in cortex in general are that the neurons involved have a 
narrow spatial domain compared to excitatory cells (long range inhibitory projections are 
known in the cerebellum and basal ganglia, but not in cortex) and that these processes are 
driven by excitatory inputs arriving from sub- or intra-cortical sources. The data in this 
section has provided insights into how intracortical excitatory neurons drive inhibitory cells. 
The two inhibitory neuronal types in L6 differ in the region of cortex they innervate, one 
type extending their axons radially around the soma within the infragranular laminae (L6iL6) 
and the other having two discrete zones of ramification, one in L6 around the soma and 
another in L4 and L3 (L6iL4). The two cell types also have contrasting firing patterns and 
other biophysical properties, as reported in the previous chapter. Excitatory cells in the cortex 
(located either in L6 or L4) drive the two inhibitory cell types in L6 in a contrasting fashion, 
the L6iL6 neurons with synapses that depress and the L6iL4 cells with facilitating synapses. 
These findings are summarised in Figure 4.12. 
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Figure 4.12: Summary of the E!I synaptic connections 
A summary of the findings regarding E!I connections in L6. The two inhibitory neuronal 
types with contrasting morphology are represented as the neurons with light- and dark-blue 
axons. Both neuronal types receive excitatory synapses (red triangles) from similar 
intracortical sources. The response in the two inhibitory neuronal types to a pre-synaptic 
action potential train (red) at 100Hz is shown on the right. Inhibitory neurons with a 
projecting axon show facilitating responses and locally arborising neurons show depressing 
responses. 
 
 
Post-synaptic determination of synaptic properties 
 
Importantly, these differences illustrated above are associated with the post-synaptic 
neuronal identity and no difference in the synaptic properties is observed when the pre-
synaptic neuron is considered; no consistent difference is seen between synapses formed by 
CT or CC neurons, or L6 and L4 neurons. 
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The post-synaptic inhibitory cells potentially differ in other aspects that were not tested in 
this study, for example the expression of calcium binding proteins (requiring 
immunohistochemical staining), or the selective targeting of soma versus dendrites of the 
post-synaptic cell (requiring electron microscopy). However, the two types of interneurons 
described here based on their axonal ramifications correspond closely to the inhibitory cells 
distinguished in other studies based on the molecular expression of calcium-binding and 
other proteins. Somatostatin expressing cells in infragranular laminae have been shown to 
have ascending axons with arbours in L4 (Ma et al., 2006), while multipolar basket cells are 
known to express parvalbumin (Kawaguchi and Kubota, 1993; Wang et al., 2002). Further, 
somatostatin-positive Martinotti cells are known to be dendrite targeting (Wang et al., 2004), 
while the axons of basket cells form most of their synapses around the somata of their target 
neurons (Martin et al., 1983; Kisvárday et al., 1985; Kisvárday et al., 1987; Markram et al., 
2004). 
Differences in the short-term dynamics of E!I synapses based on the post-synaptic 
neuron have been reported earlier in L2/3 of the rat barrel cortex (Reyes et al., 1998). Here, 
the authors report that excitatory synapses formed by pyramidal neurons onto somatostatin-
positive bitufted interneurons show paired-pulse facilitation, while synapses formed by the 
same neurons onto multipolar parvalbumin-positive interneurons depressed in response to 
paired stimuli. The post-synaptic inhibitory cell types and corresponding synaptic properties 
described in my study bear close resemblance to these findings. 
Two recent studies further underscore dependence of synaptic properties on the post-
synaptic inhibitory neuronal type, as defined by axonal ramification. Cossart et al. (2006) use 
the axonal structure of inhibitory neurons in the hippocampus to delineate inhibitory families, 
neurons of each family showing distinct kinetics of miniature post-synaptic currents arriving 
on their dendrites. The authors conclude “interneurons may be programmed to receive 
synaptic currents with specific temporal dynamics depending on their targets and the local 
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networks in which they operate.” Similar data from the visual cortex of mice leads to a 
similar conclusion by Dumitriu et al. (2007). Both studies emphasize the importance of 
axonal morphology in the classification of interneurons. In the light of these studies, my data 
provides further and direct evidence that inhibitory neurons of different classes receive 
excitatory synapses of contrasting properties irrespective of the pre-synaptic neuronal type. 
This post-synaptic dependence of synaptic properties disagrees with the conclusions of 
Mercer et al. (2005) and West et al. (2006) that synapses formed by CT neurons facilitate and 
those formed by CC neurons depress, irrespective of their post-synaptic target. Their data 
however consist of one CC!I, and three CT!I connections in the rat (the region of cortex, 
whether visual or somatosensory system, is not specified), with a further one and four 
synapses of each respective type pooled from experiments in the cat visual cortex. Such 
pooling makes many assumptions about the uniformity of cortical organisation across cortical 
areas and species, and furthermore, no evidence for the lack of specificity based on the post-
synaptic cell type is given. 
With regard to the mechanisms of facilitation and depression, the differences reported in 
the pyramid-to-bitufted and pyramidal-to-multipolar synapses in the work of Reyes et al. 
(1998) are similar to those encountered in this study. The facilitation they find is independent 
of release, and is associated with a decrease in failure rates. From this they conclude a purely 
pre-synaptic mechanism to the facilitation, which could be influenced, in the long term, by 
signals from the post-synaptic neuron. The depression, they conclude, is dependent on 
release, and could arise from rapid signals diffusing back from the post-synaptic neuron. 
These are very similar to the conclusions I reach with my data. 
Facilitation in E!IL4 synapses is mainly influenced by a pre-synaptic change in release 
probability, which is release-independent. This is evidenced by the change in the EPSP 
amplitude distribution seen in Figure 4.10A. The use-dependence of the facilitation seen in 
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Figure 4.11 is likely to arise from a post-synaptic mechanism of receptor desensitisation or 
saturation, since it is seen only at very short ISIs (Trussell et al., 1993; Raman et al., 1994). 
Similarly, the comparable PSP#1 and PSP#2 distributions in E!IL6 synapses in Figure 
4.10A imply that the depression is release-dependent. Use-dependence (Figure 4.11) is only 
seen at an ISI of 10 or 20ms, again suggesting that post-synaptic mechanisms like receptor 
desensitisation play a role. Depression is smaller at lower frequencies, and use-independent. 
The depletion of the readily-releasable pool (RRP) of vesicles (Rosenmund and Stevens, 
1996; Stevens and Wesseling, 1998; Ashton and Ushkaryov, 2005), and a related decrease in 
release probability (seen in Figure 4.2 as an associated increase in failures to successive 
spikes in a train) are therefore more likely to be the mechanisms contributing to the 
depression over longer time scales. The latter, as suggested by Reyes et al. (1998), might also 
involve a diffusible signal from the post-synaptic to the pre-synaptic side. 
It could therefore be that the phenomenon observed by Reyes et al. (1998) in L2/3 of the 
rat somatosensory cortex, Cossart, et al. (2006) in the rat hippocampus, and Dumitriu, et al. 
(2007) in L2/3 of the mouse visual cortex, is a more general principle of cortical circuits. 
Interneurons subserving specific functions, as is likely in the case of L4-projecting and 
locally arborising L6i neurons, are driven differently by excitatory neurons. I further show 
that the excitation itself can derive from differing neuronal types, and indeed from different 
layers in cortex. Despite such diverse sources of excitation, synaptic properties consistently 
depend on the type of post-synaptic neuron. 
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L6e!L4i connections 
 
One of the aims of this thesis was to elaborate the effect of L6 activity on the output of L4 
neurons. To this end, specific cell types in L6 that could form the cellular basis for this 
influence, both excitatory and inhibitory, were identified and described in the previous 
chapter. While inhibitory interlaminar projections are still not well understood, excitatory 
axonal projections from L6 to L4 have been identified in primary sensory areas of different 
species (Martin and Whitteridge, 1984; McGuire et al., 1984; White and Keller, 1987; Wiser 
and Callaway, 1996; Zhang and Deschênes, 1997), and their role investigated (Stratford et 
al., 1996; Tarczy-Hornoch et al., 1999; Wirth and Lüscher, 2004). This projection, in all 
species studied, is large, and Ahmed et al. (1994) estimate that about 45% of all excitatory 
synapses in L4 arise from cells in L6. 
Hypotheses on the relevance of such a numerically significant projection however vary 
depending on the type of target neuron of these axons. This has been subject to contrasting 
opinions, with early studies in both cat and mouse indicating that most L6 excitatory axons 
terminate on inhibitory cells in L4 (McGuire et al., 1984; White and Keller, 1987). Later 
evidence from both anatomical (Ahmed et al., 1994; Staiger et al., 1996a) and physiological 
(Grieve and Sillito, 1991) experiments shows that the effect of L6 on L4 is predominantly 
excitatory. The very selective targeting of inhibitory neurons (or indeed any specific neuronal 
type), as suggested by the former experiments, has not been demonstrated for any connection 
in cortex, and in light of the more recent data such a scenario appears very unlikely. 
My data set contains instances of excitatory neurons in L6 forming a synaptic connection 
onto both excitatory (n = 1) and inhibitory (n = 2) L4 cells, and cannot contribute to this 
debate. But interestingly, I also encounter examples of excitatory cells in L4 being inhibited 
directly by the upward projecting axons of inhibitory L6 neurons. A large proportion (0.5) of 
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the inhibitory neurons whose morphology was recovered were seen to project to L4, 
suggesting that a significant proportion of inhibitory cells in L6 project to L4. Markram, et al. 
(2004) estimate that about 50% of L6 inhibitory neurons  belong to the class of Martinotti 
cells, which have ascending axons. If verified, it would imply a strong inter-laminar 
inhibition arising from L6, and targeting L4. 
Inhibition in L4 can therefore be driven in two ways: firstly, by driving inhibitory cells 
that reside in L4, as suggested by McGuire, et al. (1984) and White and Keller (1987), which 
in turn inhibit other L4 cells (Tarczy-Hornoch et al., 1998; Beierlein et al., 2003), and 
secondly, by driving inhibitory cells in L6 that project to L4. 
The hypothesis that inhibitory neurons can be involved in discrete functions predicts that 
specific interneuron types are recruited in specific manners; this has been demonstrated in 
this section. It also predicts that the effect of activating these interneuron subtypes will be 
different. The contrasting axonal ramification patterns of the two L6i subtypes described here 
ensure that the spatial effect of the two inhibitory populations will differ. But the question 
that I address next is whether the effect of inhibitory activity is also tuned to the type of 
neuron that receives these projections. 
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4.3. I!E synapses, or the inhibition of excitation 
 
Inhibitory neurons in L6 of the rat barrel cortex, as in other cortical regions, are induced 
into spiking by activity in excitatory cells. The properties of intracortical excitatory synapses 
mediating this recruitment were presented in the previous section. Both inhibitory neuronal 
types in L6, documented in the previous chapter, receive excitatory synapses from similar 
sources, but the properties of these synapses differ based upon the type of inhibitory cell. 
Once recruited, the effect of inhibitory cell spiking depends on the firing patterns and the 
properties of the synapses formed on their target neurons. This section presents data on the 
synaptic connections formed by inhibitory neurons in L6 (L6i) onto excitatory cells in both 
L6 and L4. 
As in the preceding section, I!E connections are 
grouped based on both pre- and post-synaptic cell type. 
The pre-synaptic neurons considered are of the two types 
described in the previous chapter, i.e. the locally arborising 
(L6iL6; n = 5) and L4-projecting (L6iL4; n = 4) inhibitory 
L6 neurons; the pre-synaptic neuron in three connections 
could not be assigned to either of these classes since the 
morphology was either not recovered or the axon cut too 
early to make this distinction. 
The excitatory post-synaptic neurons include both 
corticothalamic (CT; n = 3) and corticocortical (CC; n = 6) cells within L6, and three L4 
neurons: one spiny stellate, one star pyramid and one regular pyramid with an apical tuft 
extending into L1; the data involving L4 neurons are pooled. 
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The types of synaptic connections involving the different post0synaptic cells are 
illustrated graphically in the figure above. The small blue triangles represent synapses formed 
by inhibitory L6 neurons onto CT neurons (red), CC neurons (green) or L4 cells (orange). 
The axons of the neurons are schematised in the respective colours, with CT neurons 
projecting to L4, CC neurons horizontally in L6, and L4 neurons mainly to L3. For 
simplicity, the pre-synaptic inhibitory neurons are not distinguished between the two 
morphological types described earlier, but both inhibitory types are seen to contact excitatory 
L6 neurons of CT and CC type. 
Six combinations of connections exist between the 2 pre-synaptic and 3 post-synaptic 
neuronal types and examples of two are presented now, one onto a CC neuron and another 
onto a CT cell. 
 
An example of an L6i!CC connection 
 
The I!E connection shown in Figure 4.13 is an example of an inhibitory synapse formed 
onto a CC type of excitatory L6 neuron. This is determined both morphologically (panel A), 
by its tapering apical dendritic tree and horizontally arborising axonal collaterals, and 
physiologically (panel B), by the high-frequency doublets and triplets fired in the initial 
phase of its response to small current injections. The pre-synaptic neuron was not 
morphologically classifiable into either inhibitory category owing to a thick ascending axonal 
branch that was cut in the lower part of L5; the pattern of axonal branching does however 
suggest that it could have indeed projected to the superficial laminae. Physiologically, the 
neuron displays the low frequency spike trains (Favg at twice-rheobase stimulation of 20Hz) 
with strong spike frequency adaptation associated with L6iL4 neurons. 
Networks involving L6 cells 
178 
The average IPSP in response to a single action potential is displayed in the lower part of 
panel B. The mean hyperpolarisation, with the membrane potential held at -50mV, is small (-
0.4±0.4mV). The rise-time was 2.4ms, but the decay of the IPSP was especially flat resulting 
in a long half-width of about 60ms. 
 
 
 
Figure 4.13: Inhibitory synapse formed onto a CC neuron 
A. Slice showing the two biocytin-filled cells (arrows) and their reconstructions on the right. 
The axon of the pre-synaptic inhibitory cell is in red and that of the post-synaptic excitatory 
cell in green; soma and dendrites of both cells are in black. A thick ascending inhibitory 
axonal branch is severed within L5. 
B. Firing properties of the two cells in response to rheobase (coloured) and twice-rheobase 
(black) currents, upper, and the average post-synaptic response (n = 65 trials) to a single pre-
synaptic action potential, lower. 
 
Networks involving L6 cells 
179 
 
Figure 4.14: Inhibitory synapse formed by a local basket cell onto a CT neuron 
A. Slice showing biocytin-filled cells (somata of the two connected neurons are indicated by 
arrows) and corresponding reconstructions on the right (axon of the inhibitory, pre-synaptic 
cell in red and that of the excitatory, post-synaptic cell in green). 
B. Firing properties of the two cells to rheobase (coloured) and twice-rheobase (black) 
currents, upper, and the average post-synaptic response (n = 71 trials) to a single action 
potential, lower. 
 
 
An example of an L6i!CT connection 
 
The next example of an I!E synapse, in Figure 4.14, is one formed by a locally arborising 
L6 basket cell onto a CT neuron. Both cells are typical examples of their respective class of 
neuron, with a characteristic structures, biophysics and firing patterns. The pre-synaptic 
basket cell shows a dense axonal arbour that is restricted to within 300!m from its soma, and 
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fires narrow spikes (half-width of 0.31ms) at very high frequencies (Favg to twice-rheobase 
stimulus of 136Hz) that are typical of this class of neuron. 
The post-synaptic neuron is a CT cell that was labelled by the injection of a retrogradely 
transported dye into the VPm thalamic nucleus. The subcortically projecting principal axon is 
visible both in the slice and in the adjoining reconstruction; the L4-targeting axon collaterals 
are seen in the latter. 
The average IPSP recorded in response to a single pre-synaptic spike is shown in the 
lower part of panel B. The amplitude of the IPSP (0.4±0.2mV) is similar to that of the 
previous connection, but the rise-time (1.3ms) and half-width (19ms) of the are shorter. The 
kinetics of inhibitory synapses are, in general, significantly slower than those of excitatory 
synapses, both in the rise-times (2.7±1.0 vs. 1.3±1.4ms; p<0.001) and half-widths (37.3±19.2 
vs. 16.7±13.9ms; p<0.001). 
A key feature of inhibitory synapses, due to the high pre-synaptic firing rates and long 
IPSP decay times, is the potential for the post-synaptic response to summate, with repeated 
pre-synaptic APs resulting in a strong, long-lasting inhibition. This aspect of the inhibitory 
synapses is quantified in two different ways. Trains of 8 action potentials at 100Hz are used 
for these measures, the first of which, the summation index (SI), is the ratio of the maximum 
hyperpolarisation amplitude reached in response to the eighth spike to that attained after the 
first. The second is the ratio of the integral of the hyperpolarisation after the end stimulus 
train (80ms after the start) to that during the complete duration when the membrane potential 
was hyperpolarised with respect to baseline. Both these parameters measure the extent of 
summation of successive IPSPs and are illustrated in Figure 4.15 for the two I!E synapses 
illustrated before. Both parameters yield the same results and only the SI is reported for all 
the synapses and used for the subsequent analyses. The SI and integral ratio in the connection 
illustrated in Figure 4.13 (onto a CC neuron) is clearly larger, and the inhibitory effect lasts 
longer, than in the synapse shown in Figure 4.14, where the target is a CT neuron. 
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Figure 4.15 also illustrates the paired-pulse dynamics (at a frequency of 10Hz) in these 
connections. The connection showing the greater summation at high frequencies shows 
responses that depress in the short-term, while the connection with the smaller summation to 
high-frequency trains has paired-pulse responses that facilitate to lower frequencies; the 
facilitation is also associated with higher failure rates (larger number of points lying on either 
axis), as seen for the E!I connections in the previous section. 
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Figure 4.15: Summation and paired-pulse responses of the two I!E synapses 
A. Left: Average responses (upper) of the CC neuron shown in Figure 4.13 to 15 trials of a 
train of 8 spikes at 100Hz in the pre-synaptic inhibitory neuron (lower). Black crosses indicate 
the maximal hyperpolarisation of the membrane after the first and the eighth spikes in the 
train. The summation index is the ratio of the latter to the former. The shaded region denotes 
the area of the compound IPSP, with the darker region denoting the area after the end of the 
stimulus. The two vertical lines limit the region where the membrane potential is significantly 
less than baseline fluctuations. Right: Amplitudes of paired-pulse responses to stimuli at 
10Hz. The diagonal represents the line along which both amplitudes are equal. 
B. Response of the CT neuron shown in Figure 4.14 also to a spike train at 100Hz in the 
pre-synaptic inhibitory cell (left) and the paired-pulse responses at 10Hz (right). 
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4.3.1. Pre- versus post-synaptic dependence 
 
Similar to the analysis of the E!I synapses in the preceding section, I now ask the 
question if these different synaptic behaviours are associated with the neuronal type defined 
by the morphology and firing patterns, and if so, whether it is the identity of the pre- or of the 
post-synaptic neuron that determines these properties. In this section I visualise these 
differences by plotting two related properties of the synapse for every I!E connection, firstly 
assigning each data point the identity of the post-synaptic neuron involved and secondly that 
of the pre-synaptic neuron. This is seen in Figure 4.16, where each panel illustrates the data 
for the complete set of I!E synapses (n = 12). 
Panel A shows the relationship between the summation index and the half-width of the 
IPSP. Both the plots in the panel show a clear linear dependence of IPSP summation on the 
half-width of the single IPSP barring one synapse formed on an L4 neuron. It is also clearly 
seen that the data clusters very well when grouped based on the post-synaptic cell type (left 
panel). The synapses formed onto CC neurons are those with the longest half-width and 
largest summation, while inhibitory synapses formed on CT neurons and two of the three 
formed on L4 cells do not summate to the same extent. Both the parameters measured in this 
plot differ significantly between L6i!CT and L6i!CC synapses (Table 4.2). 
Does this dependence of summation on IPSP half-width only reflect the passive properties 
of the post-synaptic membrane? In the previous chapter I have documented that CC neurons 
have longer membrane time-constants compared to CT cells (see Figure 4.8); this could 
therefore contribute to the longer half-width of the PSP seen in CC neurons. Panel B of the 
figure explores this possibility by plotting the summation indices of each synapse and the 
membrane time-constant of the post-synaptic neuron; no significant correlation is seen 
between the two. The CC neurons in this sample do have longer membrane time-constants 
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compared to CT neurons, but no relationship to the summation (flat slope of the regression 
line) and half-width (data not shown) can be demonstrated in the synapses formed onto these 
neurons. 
Next, I ask if the paired-pulse dynamics influence the summation. Synapses that show 
facilitation in the short-term would be expected to have a response that grows with time, and 
vice versa. The plots in panel C reveal an inverse relationship between the two parameters, if 
any. Short-term facilitation cannot therefore be seen to contribute to greater summation and 
is, in fact, related to the opposite effect. The differently summating responses are therefore 
only related to the PSP half-widths, with the membrane time-constant and short-term 
dynamics playing either a minimal or no role at all. 
The plots in panel C also reveal that the short-term dynamics of the synapses differ based 
on the post-synaptic neuronal identity. Almost all synapses formed onto CT and L4 neurons 
display greater paired-pulse ratios than those formed onto CC neurons. As in the E!I 
synapses in the preceding section, the pre-synaptic neuron does not seem to play a role in 
setting any of the synaptic parameters tested. 
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Figure 4.16: Legend on following page 
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Figure 4.16: Synaptic properties and the pre- and post-synaptic cell types. 
The summation index of the IPSP of each inhibitory synapse is plotted, from top to bottom, 
against the IPSP half-width, post-synaptic membrane time-constant and the paired-pulse ratio 
at 10Hz. The plots on the left are colour coded based on the post-synaptic identity (CT, CC, 
L4e or L6i cell) and those on the right based on the pre-synaptic neuron (L6iL4 or L6iL6 
neuron). Cells that could not be classified are depicted as black crosses. 
The bold line is the linear regression for each pair of parameters; the correlation coefficient 
and slope along with its confidence limits are reported. 
 
 
4.3.2. Short-term dynamics in I!E synapses 
 
The dependence of short-term plasticity on stimulus frequency is examined in this section. 
The paired-pulse and steady-state ratios over different stimulus frequencies are plotted in 
Figure 4.17. While the plots show significant differences between the synapses formed onto 
CC neurons, in one group, and CT and L4 neurons in the other, the frequency-dependence of 
these differences in both paired-pulse and short train dynamics are more complicated than 
those observed for E!I synapses (Figure 4.9), in that single exponentials do not provide 
good fits to the data. 
In general, synapses formed by L6i cells on CT and L4 neurons show paired-pulse 
facilitation and those onto CC neurons show depression. Both processes peak at inter-spike 
intervals of 20ms. The values for ISIs of 250ms are noisier, but on average the paired-pulse 
ratios at these intervals are not significantly different from zero, similar to the paired-pulse 
ratios of E!I synapses. 
The paired-pulse facilitation seen at high frequencies in the L6i!CT/L4e group are not 
sustained for the duration of the train of 8 spikes, with the steady-state ratios not significantly 
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different from zero at any of the frequencies tested. This suggests that trains of action 
potentials rapidly deplete the readily releasable pool of vesicles, to quickly diminish the 
facilitatory effect seen for the second pulse in the train. The steady-state depression in 
L6i!CC synapses is also stronger than the paired-pulse depression for these synapses, 
implying a similar depletion of the RRP. 
Such a rapid depletion of the RRP in both synapse types could explain the absence of a 
positive correlation between paired-pulse ratios and summation seen in Figure 4.16C. Paired-
pulse dynamics and summation therefore appear to be independent mechanisms related in 
opposite ways to inhibitory synapses formed onto two different excitatory types of cells. 
 
 
Figure 4.17: Frequency dependence of short-term dynamics of I!E synapses 
Plots of the paired-pulse (left) and steady state ratios (right) as a function of the inter-spike 
interval (ISI) of the stimulus; failures of release are ignored. The means and standard 
deviations for each group are depicted. Inhibitory synapses onto CT and L4e cells are grouped 
together (n = 3 each) and compared with those onto CC neurons (n = 6). 
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4.3.3. Reciprocal connectivity 
 
Of the 49 connections encountered between cells in L6 and between those in L6 and L4, 
only in 5 instances were the same two cells connected reciprocally. All of these were 
connections formed between excitatory and inhibitory neurons. 
To put this ratio of reciprocal connection into context, one needs to compare the numbers 
within each type of synapse encountered. My data set includes: 
a) 36 E!E connections, none of which involves a reciprocal connection. 
b) 16 E!I pairs, 5 of which also involve an I!E connection between the same two cells. 
c) 13 I!E pairs, including the same 5 reciprocal pairs involved in the E!I category above. 
d) 3 L6i!L4e connections (I!E subset), 2 of which were reciprocally connected. 
These figures clearly show the greater probability of encountering a reciprocal connection 
when the two neurons involved are excitatory and inhibitory. Of the L6 cells involved in 
reciprocal connections, both excitatory types, CT (1/3) and CC (2/3), and both inhibitory 
types, L6iL4 (4/5) and L6iL6 (1/5) were involved. Furthermore, 2 of 3 L6i!L4e pairs were 
reciprocally connected despite their somata vertically separated by about 500!m of cortical 
space. These results therefore are unlikely to be biased by the poor preservation of axons in 
the slice preparation. 
The conclusions that can be therefore drawn from the data on reciprocity of synaptic 
connections are firstly, E!I connections involve a great degree of convergence, and 
reciprocally, the I!E connections diverge. That is, a large number of excitatory neurons 
form synapses onto a relatively small population of inhibitory neurons and these, in turn, 
project back to most of the excitatory cells. Secondly, the inhibitory projection from L6 to L4 
is closely coupled to the excitation descending from L4, i.e. the convergence and divergence 
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in E!I!E connections is also present across cortical laminae. One example of such a 
reciprocal connection is presented below. 
 
A reciprocal connection between an L4e and an L6i neuron 
 
This connection, shown in Figure 4.18, involves a spiny stellate cell lying within an L4 
barrel and an inhibitory L6 neuron with an upward projecting axon. Axons of both neurons 
form synaptic connections onto the other. The descending projection form the SS cell, like 
that of other L4e neurons, is sparse, with only one long descending axon that is relatively 
unbranched. The contrasting size of the inhibitory projection is appreciable from the 
reconstruction. The high rate of reciprocity encountered in L4e!L6i connections (in 2 of 3 
connections encountered) implies that the inhibitory projection from L6 provides a large 
number of synapses in L4 and potentially rivals the excitatory projection from L6 to L4 
described in earlier studies (McGuire et al., 1984; Ahmed et al., 1994; Zhang and Deschênes, 
1997). 
The excitatory connection has an amplitude of 0.5mV with a CV of 35%; the high failure 
rate (61%) and facilitating short-term dynamics (paired-pulse and steady-state ratios at 10Hz 
of 1.2) are typical of excitatory synapses formed onto the projecting type of L6 interneuron as 
described in the previous section. The inhibitory connection has an amplitude of -0.6mV with 
a CV of 47%. The half-width of this synapse could not be measured, but the small summation 
index of 0.4 is similar to that of inhibitory synapses formed onto CT neurons as seen in 
Figure 4.16. The properties of all inhibitory synapses are listed in Table 4.2. 
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Figure 4.18: A reciprocal L4e!L6i synapse 
A. At left, slice showing two biocytin-filled neurons in L4 and one in L6. The two 
reciprocally connected neurons are indicated by the arrows and reconstructed on the right. 
Axon of the L4 cell in red, axon of the L6i neuron in green, dendrites of both in black. 
B. Upper: Firing patterns of both neurons in response to rheobase (coloured) and twice-
rheobase (black) current injections. Lower: Average PSP responses to single pre-synaptic 
action potentials in both directions; n = 35 and 23 trials for the E!I and I!E connections, 
respectively. 
 
 
4.3.4. Excitatory effect of a putative inhibitory connection 
 
One of the I!E synapses encountered deserves special attention for its effect on the post-
synaptic cell (Figure 4.19). This synapse, formed between a smooth neuron in L6 and a 
pyramidal neuron in L4, resulted in the depolarisation of the post-synaptic neuron. The 
inhibitory nature of the pre-synaptic neuron is suggested by its smooth dendrites, axonal 
branching at almost right angles and large en passant boutons, which, though not a 
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confirmation of release of GABA from its terminals, is nevertheless typical of inhibitory 
neurons. The reconstruction in the figure shows the ascending axonal branches of the 
presumed inhibitory neuron, which could only be followed till the lower border of L4 due to 
the poor labelling of the cells. The post-synaptic neuron is a pyramidal cell at the bottom of 
L4 (or very high in L5), with a prominent apical dendrite, which ends in a tuft at the pial 
surface. 
The morphologies and firing patterns of the two neurons together suggest that this was an 
I!E connection. The physiological aspects of the connection however were unlike other 
such connections encountered in this study. Firstly, the response in the post-synaptic 
pyramidal neuron to single and trains of action potentials in the pre-synaptic cell was a 
depolarisation of the membrane. Reversal of the PSP direction was attempted by moving the 
post-synaptic cell membrane to potentials between -40 and -90mV in the current-clamp 
mode; a rough extrapolation from the plot at the bottom of Figure 4.19B would suggest that 
the reversal potential of this synapse is at approximately 0mV, but an accurate determination 
of this value was beyond the scope of the experiments performed in this thesis. 
 Secondly, the latency for post-synaptic responses in this connection, at 7ms, was longer 
than in any other synapse described in this study. There was a large jitter in the latency, 
which ranged from 5.2 to 9.5ms; the relative lack of large spontaneous events, as evident in 
the traces in panels C and D, allowed the latencies in this connection to be reliably measured. 
Two scenarios are therefore possible in this connection. The first is that the pre-synaptic 
neuron is an excitatory cell, with a potential di-synaptic connection formed onto the 
pyramidal L4 neuron (which would explain the long latency and jitter). The second scenario 
implies that the synapse formed by the inhibitory cell, presumably mediated by GABAA 
receptors, results in the depolarisation of the post-synaptic neuron. The long latencies and 
jitter could be the result of two or more electrotonically distant synaptic sites, possibly on the 
apical tuft. Neither scenario can be confirmed or refuted by the data available, though the 
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morphological and physiological properties of the pre-synaptic neuron argue against the first. 
The mechanisms of depolarising effects of GABAergic synapses are raised in the discussion. 
 
4.3.5. A synapse between two inhibitory L6 neurons 
 
Only one inhibitory synapse was encountered where the post-synaptic target was also 
inhibitory (Figure 4.20). The post-synaptic neuron in this case is a large basket cell with 
narrow spike and high firing rate. The pre-synaptic neuron could not be reconstructed in 
sufficient detail to reliably classify it into one of the two categories; the spike width and spike 
adaptation suggest that it belongs to the L4-projecting type of inhibitory neuron. This would 
imply that different inhibitory neurons in L6 do interact with each other, and that a common 
pool of inhibitory neurons is recruited to suppress excitation in L6, albeit with kinetics 
specifically depending on the post-synaptic neuron. 
Interestingly, the potential for the inhibitory effect of this synapse to summate over trains 
of high frequency is low (a summation index of 1.5), similar to that observed in synapses 
onto CT neurons. This similarity of both the kinetics and dynamics of this connection to that 
of L6i!CT synapses is also seen in the panels on the left of Figure 4.16, where the properties 
of all inhibitory synapses are plotted. The effect of recurrent inhibition, on the basis of this 
one connection, is short lasting and inhibitory neurons could recover from inhibition more 
quickly than CC neurons; CT cells demonstrate a similarly short recovery period. 
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Figure 4.19: Depolarising effect of a putative GABAergic synapse 
A. Slice showing biocytin filled cells, on the left. The two neurons involved in the synaptic 
connection are indicated with the arrows. The pre-synaptic neuron is an inhibitory cell in L6, 
with an axon ascending into L4, as seen in the reconstruction on the right of the panel. The 
post-synaptic neuron was not reconstructed and is depicted by the cartoon. 
B. The upper part shows the firing patters of both pre- and post-synaptic neurons to 
rheobase (coloured) and twice-rheobase (black) current injections.  
C. Upper: The average post-synaptic response (top) to 35 trials (middle) of a single pre-
synaptic action potential (bottom) at a membrane potential of approximately -50mV. Lower: 
Mean PSP amplitudes at recorded at different post-synaptic membrane potentials. The larger 
number of trials at -50mV accounts for the smaller standard deviation at this potential. 
D. Responses to a 10Hz pre-synaptic spike train at Vrest of -50mV. Ten trials are shown 
along with the mean post-synaptic response and spike train (the last two traces, respectively). 
Networks involving L6 cells 
194 
 
Figure 4.20: Synapse between two inhibitory neurons in L6 
A. Slice showing a number of biocytin-filled neurons in L6 and L4: the result of a typical 
recording session where a number of cells were probed for a synaptic connection. The two 
connected inhibitory neurons (indicated by the arrows) are reconstructed on the right of the 
panel. The post-synaptic neuron (axon in green) has the morphology of a large basket cell; the 
pre-synaptic neuron (axon in red) displays an upward going axon, but the reconstructed length 
is insufficient to reliably classify the cell into either of the categories mentioned earlier. 
B. The upper section of the panel shows the firing properties of both neurons in response to 
rheobase (coloured) and twice-rheobase (black) current injections. The average IPSP (n = 49 
trials) in response to a single action potential is shown in the middle of the panel and the 
response to a train of 8 action potentials at 100Hz at the bottom. The black crosses represent 
the maximal hyperpolarisation after the first and the eighth spikes (the summation index is the 
ratio of these two values). The shaded region is the area where the membrane potential is 
significantly lower than baseline; the lighter region delineates the duration of the spike train. 
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Table 4.2. 
Pre-synaptic Post-synaptic Amplitude CV Latency Failures Rise time Half-width PP ratio SS ratio SI Intg. time Membrane 
cell cell (mv) (%) (ms) (%) (ms) (ms) (ms) (ms)
L6i synapses on L4e cells
1 L6iL4 L4eSS -0.43 45.65 1.93 46.46 3.63 15.81 1.16 1.50 3.82 203.30 15.40
2 L6iL4 L4eSS -0.64 63.42 2.02 68.49 3.77 - 0.88 2.53 0.40 92.00 12.90
3 L6iL4 L4ePyr 1.57 33.92 7.01 58.62 1.12 26.89 1.21 1.39 0.46 202.90 17.20
Mean±SD 47.7±14.8 3.65±2.91 57.9±11.0 2.8±1.5 21.4±7.8 1.08±0.18 1.80±0.63 1.56±1.96 166.1±64.1 15.2±2.2
Max 1.57 63.42 7.01 68.49 3.77 26.89 1.21 2.53 3.82 203.30 17.20
Min -0.64 33.92 1.93 46.46 1.12 15.81 0.88 1.39 0.40 92.00 12.90
L6i synapses on CT cells
1 L6iL4 L6eCT -0.96 42.96 1.11 20.00 2.78 33.65 0.90 1.38 1.55 189.20 14.40
2 L6iL6 L6eCT -0.43 34.63 0.86 14.85 2.99 30.31 0.75 0.78 1.17 128.30 16.30
3 L6iL6 L6eCT -0.36 49.80 0.72 27.55 1.28 19.01 1.18 1.61 1.61 107.00 11.90
Mean±SD -0.58±0.33 42.5±7.6 0.90±0.20 20.8±6.4 2.3±0.9 27.7±7.7 0.94±0.22 1.25±0.43 1.44±0.24 141.5±42.7 14.2±2.2
Max -0.36 49.80 1.11 27.55 2.99 33.65 1.18 1.61 1.61 189.20 16.30
Min -0.96 34.63 0.72 14.85 1.28 19.01 0.75 0.78 1.17 107.00 11.90
L6i synapses on CC cells
1 L6i L6eCC -0.86 44.35 1.00 10.67 2.93 39.69 0.85 1.12 2.41 232.10 19.70
2 L6iL6 L6eCC -0.43 50.53 0.60 52.44 2.81 42.05 1.07 1.84 2.36 276.70 31.90
3 L6iL6 L6eCC -1.87 23.64 0.63 0.00 2.68 48.82 0.82 0.61 2.52 311.50 26.70
4 L6i L6eCC -0.36 36.18 1.50 35.71 2.41 59.63 0.65 1.08 3.51 186.40 15.20
5 L6i L6eCC -0.47 44.33 1.09 29.33 3.31 40.19 0.81 1.14 3.09 230.40 21.90
6 L6iL6 L6eCC -0.51 73.77 2.01 15.56 4.25 79.86 0.20 0.16 3.45 265.10 16.80
Mean±SD -0.75±0.58 45.5±16.7 1.14±0.54 24.0±19.0 3.1±0.7 51.7±15.7 0.73±0.30 0.99±0.57 2.89±0.53 250.4±43.5 22.0±6.3
Max -0.36 73.77 2.01 52.44 4.25 79.86 1.07 1.84 3.51 311.50 31.90
Min -1.87 23.64 0.60 0.00 2.41 39.69 0.20 0.16 2.36 186.40 15.20
L6i synapse on a L6i cell
1 L6iL4 L6iL6 -0.70 36.83 1.16 12.50 1.40 12.57 1.19 1.22 1.46 122.70 10.40
All inhibitory synapses (n = 13)
Mean±SD -0.67±0.4 44.6±13.1 1.67±1.68 30.2±20.9 2.72±0.97 37.4±19.2 0.90±0.28 1.26±0.58 2.1±1.1 196.0±68.3 17.7±6.1
L6i-CT/L4e vs. L6i-CC synapses
p-value 0.55 0.96 0.45 0.12 0.37 0.01 0.08 0.27 0.02 0.01 0.03
ROC area 1.00 0.90 0.93 0.90 0.90
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Table 4.2: Properties of inhibitory synapses 
SI, summation index; Intg. time, integration time; !, post-synaptic membrane time-constant. p-
values in bold indicate statistical significance. 
 
 
4.3.6. A discussion on I!E connections 
 
I have presented in this section a diversity of connections formed by inhibitory neurons in 
L6, with post-synaptic targets including excitatory and inhibitory cells within L6 and 
excitatory neurons in L4. The properties of the connections formed by inhibitory neurons, 
like those of the E!I synapses described earlier, depend on the type of post-synaptic neuron.. 
CT neurons receive inhibitory synapses that show paired-pulse facilitation, but the IPSPs do 
not summate even at high pre-synaptic train frequencies; CC neurons, on the other hand, 
receive synapses that show paired-pulse depression, but the IPSPs summate strongly over a 
train of 8 spikes at 100Hz, resulting in a larger, long-lasting inhibitory effect; this is 
illustrated in Figure 4.21. 
The functional implications of the post-synaptic dependence of synaptic properties are that 
neurons involved in the two distinct whisker-to-barrel pathways, the lemniscal and para-
lemniscal pathways (Killackey and Sherman, 2003; Bureau et al., 2006), are inhibited in 
contrasting manners. Inhibitory synapses formed onto neurons in the whisker-specific 
lemniscal pathway, i.e. the L4 and CT neurons, are not inhibited for long durations, allowing 
for repeated sensory activation at high rates. Circuits involving cross-columnar and inter-
areal interactions via CC cells (the para-lemniscal pathway) are however susceptible to strong 
and long-lasting inhibition, with implications for the way in which sensory and sensorimotor 
signals are interpreted. 
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Figure 4.21: Summary of the I!E data 
The organisation of I!E connections in L6. The two types of excitatory post-synaptic 
neurons in L6, CT and CC cells, are represented as the red and green pyramidal cells with 
respectively coloured axons. Corresponding differences in firing properties are seen in traces 
above. Both neuronal types receive inhibitory synapses (blue triangles) from both types of 
inhibitory cells described in this study. The response in the two excitatory cell types to a pre-
synaptic action potential train at 100Hz (blue) is shown on the right. The inhibitory response 
in the two cells differ their strength and duration irrespective of the pre-synaptic cell type. 
 
Networks involving L6 cells 
198 
Inter-laminar inhibition 
 
Another conclusion from the data in this section concerns the cross-laminar inhibition 
encountered in three instances. These synapses, formed by inhibitory neurons in L6 onto 
excitatory L4 cells, reveal significant and previously undescribed inhibitory projection from 
L6 to L4. 
In the previous section on E!I synapses I also described connections formed by 
excitatory L6 cells onto inhibitory cells in L4. Together, these L6e!L4i and L6i!L4e and 
L6e!L4e (presented in the following section on E!E synapses) connections suggest that 
sensory evoked activity in layers 4 and 6, while coupled by the common thalamic projection 
that targets these two laminae, are further coupled by intracortical links, both excitatory and 
inhibitory. The effect of L6 on the output of L4 is therefore mediated by both excitatory and 
inhibitory neurons in L6. Further, discrete subtypes of both excitatory and inhibitory neurons 
in L6 mediate these interlaminar links.  
While it is expected that excitatory neurons in L6 would target both excitatory and 
inhibitory cells in L4 (assuming Peters’ rule), it comes as a surprise that a distinct inhibitory 
projection from L6 parallels the excitatory projection. Further, the firing properties of these 
neurons are also characteristic: L6iL4 neurons have a low rheobase and low-frequency, 
accommodating spike trains, which suggests a distinct temporal pattern in the effect of the 
activating this projection. An early inhibition in L4 was indeed observed by Wirth and 
Luscher (2004) in response to extracellular stimulation of L6, which could be mediated by 
these neurons; the late inhibition in L4 could be the result of recurrent activation of L4i 
neurons by both L6e and L4e cells. Concerted activity in the L4-targeting excitatory and 
inhibitory neurons in L6 would therefore determine the temporal course of the effect L6 has 
on L4. 
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Reciprocal connectivity 
 
Neuronal communication via axons and chemical synapses is unidirectional, i.e. two 
neurons (e.g. A and B) can be connected in one of two directions (A!B, or B!A); 
reciprocal connections (A!B and B!A) could exist between the same two neurons. I have 
shown the greater probability of encountering such reciprocal connections when the two 
neurons involved were excitatory and inhibitory.  
All the cell types in L6 described in this study were involved in reciprocal connections and 
further, reciprocal connections were encountered between cells in L6 and L4. The lack of 
reciprocal connections between two excitatory neurons is therefore unlikely to be due to a 
bias in axonal preservation. The high rate of reciprocity between excitatory neurons is 
therefore likely to reflect the convergence and divergence in E!I and I!E connections, 
respectively.  
No evidence against random connectivity between cell types was found. Examples of 
connections between both CC and CT cells onto L6iL6 and L6iL4 neurons, and of 
corresponding reciprocal inhibitory connections were encountered, which, while not proof of 
random connectivity, suggests against the existence of connections only between specific cell 
types. This, together with the rate of reciprocal connections between these neurons suggests 
that excitatory and inhibitory neurons in L6 are connected in an all-to-all fashion. 
The specificity in the connections between excitatory and inhibitory neurons in L6 
therefore lies in the properties of the synapses that mediate these connections. Furthermore, 
the all-to-all connectivity suggests that the complete excitatory complement of L6 is used to 
recruit inhibitory activity and reciprocally, inhibitory neurons, once recruited, target all the 
excitatory cell types. The tuning of network activity arises from the different properties of 
synapses formed on specific neuronal types. The advantages of such an architecture, while 
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obvious in the efficiency of recruitment of inhibitory activity, needs to be explored from a 
computational perspective in a network model. 
 
Depolarising GABAergic connections 
 
The depolarising post-synaptic effect of the putative GABAergic neuron seen in Figure 
4.19 can be the result of two scenarios. The first is that the smooth pre-synaptic neuron was 
indeed an excitatory cell, forming synapses potentially mediated by AMPA receptors. The 
classical morphological and physiological properties of the cell however argue against this 
possibility. The extremely long latencies and large jitter furthermore imply the presence of a 
di-synaptic excitatory connection, another rarely encountered event in cortex. 
The second scenario, also rare but more likely, is of a depolarising GABAergic 
connection. Such depolarising effects are encountered under special circumstances, as shown 
by Gulledge and Stuart (2003), who document such effects on pyramidal L5 neurons. The 
depolarising effect is believed to be mediated by the selective efflux of bicarbonate ions 
through GABAA channels, which are permeable to both bicarbonate and chloride ions; the 
reversal potential of bicarbonate ions is -12mV (Kaila et al., 1993; Kaila, 1994). This 
selective efflux, as proposed by Gulledge and Stuart (2003), can occur at sites isolated from 
membrane potential changes occurring at the soma, such as the distal apical tufts of 
pyramidal neurons. 
 These conditions may have been met in this particular connection, which involves a post-
synaptic pyramidal neuron with an apical tuft extending into L1. The long latencies and large 
jitter suggest that the connection is mediated via two or more synapses situated at sites 
electrotonically distant from the soma. 
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I!I connections 
 
Only one I!I synapse was encountered in this study and no conclusions about the rules of 
connectivity between inhibitory neurons in the L6 network can be made from a single 
example. However, the two neurons involved in the connection are of different classes, the 
axon of the pre-synaptic cell projecting towards L4 and that of the post-synaptic cell 
restricted to the infragranular laminae. This is therefore evidence for synaptic connectivity 
between inhibitory neuronal types. No evidence of gap-junctional connection was seen. 
The strength of summation of this synapse resembles that seen in I!CT connections (1.5 
versus 2.9±0.5 and 1.4±0.2 for I!CC and I!CT synapses, respectively). The duration of the 
inhibitory effect, measured as the time for which the membrane potential is hyperpolarised by 
a train of 8 spikes at 100Hz, is also similar to that seen in I!CT connections (127ms versus 
250±44 and 142±43ms; the duration of the spike train is 70ms). Together, these imply that 
the inhibition of inhibitory neurons, at least in this one case, is short lasting. 
It is beyond the scope of this study to differentiate between soma-targeting basket cells 
with ascending axons (Kisvárday et al., 1987), and those of the Martinotti cell class, which 
are known to have ascending axons that target L1 (Wahle, 1993; Wang et al., 2004). Cells 
with ascending axons encountered in L6 can therefore belong to either type of neuron, each 
with potentially distinct post-synaptic effects. It is therefore possible that differences in 
axonal projection patterns delineate two families of inhibitory neurons, each consisting of 
more than one type of inhibitory neuron based on molecular expression and firing patterns. 
As mentioned in the previous section on E!I synapses, similar distinctions in axonal 
structure have been used in the hippocampus by Cossart et al. (2006) and visual cortex by 
Dumitriu et al. (2007) to delineate inhibitory families, neurons of each family showing 
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distinct kinetics of miniature post-synaptic currents arriving on their dendrites. These reports 
lend further credibility to the classification criteria used in my study. 
 The two preceding sections have shed light on the E!I!E connectivity in L6, and the 
properties of the synapses that mediate them. All the connections described so far appear to 
be determined by the type of post-synaptic neuron. The next section completes the 
description of the L6 network by examining the E!E synapses that were encountered. 
Excitatory pyramidal neurons are the predominant cortical cell type in cortex and information 
is relayed between brain regions primarily via these neurons. The question now is whether 
the rules of connectivity between excitatory and inhibitory neurons encountered until now are 
also valid for synapses between two excitatory cells. 
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4.4. Synaptic connections between excitatory neurons 
 
This last section presents the data on the synapses 
formed between two excitatory neurons. As with other 
connections described in the preceding two sections, a 
spectrum of possible connections potentially exist between 
the identified neuronal types in the two layers that are the 
focus of this thesis. 
Like the data on E!I connections four intracortical 
sources of excitatory synaptic connections onto L6e neurons 
were encountered: CT and CC neurons in L6 and SS and SP 
neurons in L4. 16 possible permutations of connections 
exist since connections in the reciprocal direction are not equivalent to the forward 
connection, i.e. a CT!CC connection is different from a CC!CT connection. Of these 16, I 
consider the 12 possible synapses formed by and onto L6 neurons since L4e!L4e 
connections are not the focus of this thesis; the four possible connections exclusively 
involving excitatory L4 neurons have been described in an earlier study (Cowan and Stricker, 
2004). Only once was an excitatory neuron in L4 found to be the target of an L6 cell; this 
connection is described, but a single example is insufficient to draw any conclusion about the 
nature of this projection. 
The various sources of intracortical excitation onto L6 neurons are illustrated in the sketch 
above, where CT synapses are in red, CC in green, and L4 axons and synapses (including 
both SS and SP sources) are in orange. The post-synaptic neuron is either be a CT or CC 
neuron in L6. As illustrated, the site of the L4 connection on L6 neurons can either be in L4 
(onto distal branches of the apical dendrite), or on more proximal dendrites via an axon that 
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descends into L6, as schematised in the figure; the same situation also potentially exists for 
connections made by CT neurons, the axons of which ramify profusely in L4. The actual site 
of synaptic contact determines the latency and kinetics of the post-synaptic response and 
potentially influences active dendritic spiking mechanisms. This determination cannot be 
reliably made by the light microscopic means used in this study and is briefly discussed from 
a physiological perspective. 
 
4.4.1. Excitatory networks within L6 
 
Data presented in section 4.2 on E!I connections suggests that excitatory cells in L6, 
while not differentiating between inhibitory cell subtypes in forming a contact onto them, do 
form synapses with different physiological properties depending on the axonal arborisation 
pattern of the post-synaptic inhibitory cell. The question addressed now is whether there exist 
similar specificities when the post-synaptic target is an excitatory neuron. 
Recent work in this area includes that by the group of Alex Thomson (Mercer et al., 2005; 
West et al., 2006) who conclude that the excitatory networks in L6 are exclusive, with CC 
cells providing most of the recurrent E!E synapses in L6, and CT neurons more likely to 
innervate neighbouring inhibitory neurons in L6, and less likely to be pre-synaptic to 
excitatory cells. 
Beierlein and Connors (2002), while not estimating the probability of connectivity, 
suggest that excitatory neurons in L6 receive two physiological classes of synapse from 
within L6. They first demonstrate that thalamocortical synapses on L6 neurons show short-
term depression. The same stimuli in the thalamus also evoke longer latency responses that 
facilitate, which the authors ascribe to synapses formed by the intracortical collaterals of CT 
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neurons. Paired cell recordings between L6 neurons however reveal only synapses with short-
term depression, which the authors conclude arise from a non-CT subset of L6 neurons. 
Therefore, assuming an unbiased sampling of the post-synaptic neuron in L6, the intracortical 
synapses must arise from both CT and CC neurons. 
My data presented in the earlier section 4.2 reveal that both CT and CC neurons target 
inhibitory cells in L6. The data on excitatory cell pairs, while sparse, indicate that both types 
of excitatory cell are also pre-synaptic to other excitatory cells in L6. Eight connections 
between excitatory cells in L6 were encountered in this study. Of these, four were between 
cells assigned to the CT class (CT!CT), two between cells of the CC type (CC!CC) and 
two where the pre-synaptic cell is CC and the post-synaptic of the CT type (CC!CT). 
Examples of each of these are now illustrated. The only potential connection that was not 
sampled is where a CT neuron is pre-synaptic to a CC cell (CT!CC). 
 
A connection between two CT neurons 
 
The connection illustrated in Figure 4.22 is formed between two CT neurons. Panel A 
shows the anatomy of the two neurons as seen in the slice (left) and in reconstructions (right). 
Morphologically, the two cells are typical examples of the CT class, with a thick axon 
descending into the white matter visible in both the slice and reconstruction, and axon 
collaterals ascending towards L4 along their apical dendrites. The physiological features of 
both neurons are again exemplary of the CT class, as seen in the firing patterns in the upper 
part of panel B. 
The average EPSP resulting from a single pre-synaptic action potential is seen in the 
middle of panel B. The synapse formed between the two is small in amplitude (0.3mV) with 
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a relatively long rise-time (1.8ms) and half-width (20.6ms). These indicate that the synapse 
may be located on the post-synaptic dendritic tree at a site electrotonically distant from the 
soma; the mean rise-times and half-widths of all L6e!L6e synapses are 1.0±0.6ms and 
16.7±9ms respectively. 
The paired-pulse amplitude plot at the bottom of panel B reveals a facilitation of the 
second response at 10Hz. Most of points where the response to neither the first nor the 
second spike failed lie above the unity line. Furthermore, there appears to be no relationship 
between the size of the second response and that of the first; a large EPSP#1 does not affect 
the size of EPSP#2. The high failure rate (61% to the first spike) is evident in the large 
number of points on the ordinate; the smaller number of points on the abscissa shows that the 
failure rate decreases to subsequent pulses, thus contributing to an increase in the average 
amplitude of the second response. 
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Figure 4.22: Synapse between two corticothalamic neurons 
A. Slice showing a number of biocytin-filled cells, two of which (arrows) were found 
connected synaptically. Both are cells retrogradely labelled by the thalamic injection, i.e. CT 
(data not shown). The reconstructions of the two neurons are seen on the right of the panel, 
the axon of the pre-synaptic neuron in red and that of the post-synaptic cell in green. 
B. Upper traces are the responses in both cells to injections of rheobase (coloured) and 
twice-rheobase (black) currents. In the middle, the average post-synaptic response (n = 28 
trials) to a single action potential is shown. The paired-pulse responses to stimuli at 10Hz are 
plotted at the bottom. The diagonal represents the line where both responses are of the same 
amplitude. 
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A CC!CT connection 
 
In Figure 4.23 a CC connection onto a CT neuron is illustrated. The pre-synaptic CC cell 
has a widely arborising axon (reconstructed in red), and innervates large and distant regions 
of the infragranular cortex. The post-synaptic CT neuron, not clearly seen in the slice, is 
reconstructed with its axon in green; typical upward-heading collaterals are visible that can 
be traced into L4. The respective firing patterns are seen in the upper part of panel B, both 
typical of their class. The CC neuron has a longer membrane time-constant, lower rheobase 
and initial doublet vis-à-vis the CT cell. 
The average EPSP elicited by a single action potential is seen in the middle of panel B. 
The synaptic response is very small (0.1 mV). Apart from such a small EPSP, the response 
failed at a rate of 84%. This high failure rate is also evident in the paired-pulse response plot 
at the bottom of the panel, with failures of either the first or the second response in all the 
trials recorded. A progressive decrease in failure rates within spike trains (data not shown) 
results in a facilitating paired-pulse and steady-state ratios (both 1.1). 
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Figure 4.23: Synapse formed by a CC neuron onto a CT cell 
A. Slice showing four biocytin-filled cells in L6; arrows indicate the two synaptically 
connected neurons, which are reconstructed on the right side. The pre-synaptic cell is more 
clearly visible in the slice (lower arrow) and its axon is depicted in red in the reconstruction. 
The axon of the post-synaptic cell is shown in green, and the soma and dendrites of both cells 
in black. 
B. The traces on top are the firing patterns of the pre-synaptic CC and post-synaptic CT 
neuron in response to rheobase (coloured) and twice-rheobase (black) currents. In the middle 
is the average post-synaptic response (n = 15 trials) to a single action potential. The paired-
pulse response plot to stimuli at 10 & 20Hz is shown at the bottom. 
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A synapse between two CC neurons 
 
The third type of L6e!L6e synapse encountered is shown in Figure 4.24. This is a 
synapse between two neurons of the CC type, the morphology and reconstructions of which 
are seen in panel A. Both cells display the horizontal infragranular axonal ramification that 
defines this class of neuron. The length of the oblique branches of their apical dendrites 
suggests that they belong to the CC2 subclass (see Figure 3.7). The firing properties of the 
cells seen in the upper part of panel B show the doublet spiking also typical of CC neurons. 
Like the other E!E synapses illustrated before, the EPSP amplitude of this connection is 
also small (0.2 mV), with a high failure rate (90%). The high failure rate to the first spike is 
visible in the paired-pulse plot in the lower part of the panel, where most of the points lie on 
the y-axis; in only two trials are responses to both first and second spike recorded. Again, a 
progressive decrease in failures contributes to the facilitating paired-pulse and steady-state 
ratios in this synapse (1.3 and 2.9, respectively). 
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Figure 4.24: Synapse formed between two CC neurons 
A. Arrows indicate the two synaptically connected biocytin-filled neurons in L6. The 
reconstructions of both are shown on the right side, with the axon of the pre-synaptic cell in 
red and that of the post-synaptic neuron in green. 
B. Upper traces show spike responses to rheobase (in colours corresponding to axons in 
panel A) and twice-rheobase (in black) currents. The average post-synaptic response (n = 10 
trials) to a single action potential is displayed in the middle, below which the amplitudes of 
the paired-pulse responses are plotted. 
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4.4.2. Excitation from L4 to L6 
 
Just as inhibitory cells in L6 are targets of excitation from L4 (section 4.2), so are 
excitatory L6 cells. Unlike the inhibitory L6 neurons, whose dendritic tree is generally 
restricted to layers 5b and 6, the synapse onto excitatory neurons could theoretically be 
formed either high on the apical dendrite, or, via a descending axon, onto more proximal 
regions of the dendritic tree. The data include evidence for the existence of both scenarios, 
one where the descending axon of the L4 cell is cut early thus ruling out a proximal site for 
the synapse, and others where the axon descends into L6 forming putative synapses on basal 
dendrites. The synaptic latencies, which vary between 1.4 and 4.2ms, also support both 
proximal and distal locations for the L4e!L6e synapses. 
Eleven such connections from L4 were encountered, the pre-synaptic cell being a spiny 
stellate neuron in three, and a star pyramidal cell in six instances; the morphology of two 
neurons was not recovered. The post-synaptic cells in L6 belong to either CT (seven) or CC 
(three) subtype, with one neuron unidentified. One such example of such an L4e!L6e 
connection is presented below. 
 
A connection by star pyramidal cell onto a CC neuron 
 
Figure 4.25 illustrates the connection formed by a star pyramidal neuron in L4 onto a CC 
neuron in L6. The reconstruction of the neurons in panel A shows the axon of the pre-
synaptic cell in red, that in this case descends into L6 before being severed just below the 
soma of the post-synaptic neuron. The cell itself is located in a septum between two barrels, 
and the collaterals of the axon, like those of star pyramids within barrels (Lübke et al., 2000), 
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arborise widely across the barrels. The post-synaptic neuron is located almost directly below 
the pre-synaptic, with its apical dendrite almost entwined around the axon of the latter in the 
upper part of L5. The dendritic morphology is reminiscent of the CC1 type of neuron. The 
synapse itself is most likely formed at a site on a proximal apical oblique dendrite or on the 
basal dendrite, with close approximations of the axon and dendrite seen at both locations. The 
upper part of panel B shows the firing patterns of both neurons in response to two stimulus 
intensities; the characteristic doublet fired by CC neurons is seen in the post-synaptic neuron. 
The middle of panel B shows the average EPSP trace in response to a single pre-synaptic 
spike. The amplitude of this synapse was also small (0.2±0.1mV). The mean amplitude for 
the L4e!L6e connection (0.4±0.5 mV) tends to be larger, but not significantly different from 
that of L6e!L6e connections (0.27±0.18 mV). The latency of the EPSP (1.5ms) and short 
rise-time (0.6ms) also support a location close to the soma as suggested by the morphology. 
The average latencies and rise times for connections between L4 and L6 excitatory cells are 
2.4±0.9ms and 2.5±2.0ms, respectively; the large variance of these values reflect the location 
of these synapses at diverse sites on the dendritic tree. 
The probability of release for this specific synapse, as seen in the paired-pulse plot, is 
relatively high (a failure rate of 36%). The average failure rate for L4e!L6e synapses is 
46±23% compared to 75±26% for the L6e!L6e synapses presented before. The paired-pulse 
ratio at 10Hz is 0.8; however, if the trials where either response failed are ignored, the ratio is 
about 0.95 (all the points are clustered around the unity line). The depression is therefore 
small and mainly associated with a decrease in release probability, which is also seen by the 
greater number of points lying on the x- compared to the y-axis of the plot. The properties of 
short-term dynamics in the E!E synapses are further explored in Figure 4.28. 
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Figure 4.25: A star pyramid in L4 contacting an L6 CC neuron 
A. Slice with two biocytin-filled neurons, the cell in L4 forming a synaptic connection onto 
the L6 neuron. The reconstruction of the neurons is shown to the right. The axon of the pre-
synaptic neuron is in red, and that of the post-synaptic L6 neuron in green; the outline of the 
barrel in L4 is seen in blue. 
B. The firing patterns of both cells in response to rheobase (coloured) and twice-rheobase 
(black) currents are seen in the upper traces. Evidence of the synaptic connection is in the 
middle, where the average post-synaptic response (n = 131 trials) to a single action potential is 
shown. The paired-pulse responses to stimuli at 10Hz are plotted at the bottom. The bold line 
represents the linear regression to all data points not lying on either axis, and represents the 
use-dependence of the synaptic dynamics; the slope of the line is not significantly different 
from zero. 
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4.4.3. Excitatory connections from L6 to L4 
 
While a number of anatomical studies in various species indicate that the excitatory 
projection from L6 to L4 is numerically large (McGuire et al., 1984; Ahmed et al., 1994; 
Zhang and Deschênes, 1997), only one study so far has documented the physiological 
properties of a synapse formed by this projection (Stratford et al., 1996). Seven connections 
between a L6 pyramid and excitatory L4 cells were recorded in slices of the cat visual cortex. 
All connections showed paired-pulse facilitation. 
Only one example of such a connection was encountered in this study. This connection, 
seen in Figure 4.26, involves a pre-synaptic neuron classified as CC and a post-synaptic star 
pyramidal cell in L4. The L6 cell has a dendritic structure reminiscent of a claustral-
projecting neuron in the cat visual cortex (Katz, 1987), with a long, thin apical dendrite 
extending into L3. However no descending axonal branch could be detected entering the 
white matter, preventing any conclusion to be made regarding its target structure. Multiple 
thin, horizontally extending axon collaterals and a doublet in response to current injection 
help classify this neuron as a CC cell. 
The post-synaptic neuron is a star-pyramidal cell, with an apical dendrite that ends without 
a tuft high in L2 and axon collaterals that do not respect barrel boundaries. An ascending 
collateral from the L6 neuron forms a putative contact on the L4 neuron on a branch of basal 
dendrite. In general, the morphology of the pair bears a striking resemblance to that of the 
connection in the opposite direction shown earlier in Figure 4.25. 
The synapse formed by this connection has an average amplitude of about 0.5mV, with a 
long latency (4.8ms) and rise-time (1.7ms). The latency and rise-time suggest that the site of 
contact is relatively isolated from the soma, though the slow conduction velocity of the thin, 
unmyelinated axon collaterals also probably contributes to the long latency. The half-width 
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could not be calculated since most attempts to elicit a single pre-synaptic spike resulted in a 
doublet with short latency. 
Paired-pulse responses obtained to 10Hz stimuli (which did not involve doublet spikes) 
however show that most responses were depressed, as most points fall below the unity line. 
Responses to the spikes failed frequently (at a rate of 45%), as seen by the number points on 
either axis. No correlation is seen at this frequency between the sizes of the first and second 
responses, indicating that the depression in this connection occurred independent of release. 
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Figure 4.26: Excitatory connection from a L6 cell onto a L4 neuron 
A. Image of the slice showing two biocytin-filled cells, with their reconstructions on the 
right (axon of the pre-synaptic L6 cell in red and that of the post-synaptic L4 cell in green). 
B. Firing patterns of the two neurons in response to rheobase (coloured) and twice-rheobase 
(black) currents. The average post-synaptic potential in response to a single spike (n = 135 
trials) is seen in the middle, below which the paired-pulse responses to 10Hz stimuli are 
plotted. The descending phase is affected by the response to the second spike of the high-
frequency doublet the cell was prone to firing. The bold line is the linear regression to the data 
where neither first nor second response fails; the slope is not significantly different from zero. 
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4.4.4. Pre- vs. post- dependence of synaptic properties 
 
Unlike the previous groups of synapses, I have presented this section of the results based 
on the identity of the pre-synaptic neuron (excitatory cells in either L4 or L6). This is because 
the data indicate that the differences are related more to the pre- than to the post-synaptic 
neuron. Figure 4.27 illustrates these differences, where I present the properties of the 
synapses based on both, pre- and post-synaptic cell type. The plot is similar to Figure 4.7, 
where the same properties are compared in E!I synapses. 
None of the parameters plotted depend on whether the post-synaptic neuron is CT or CC. 
On the other hand, the failures and short-term dynamics are both significantly different when 
the synapses are grouped based on the pre-synaptic neuron contributing to the synapse; 
synapses formed onto L6 neurons by other L6 neurons have a high failure rate and 
predominantly show short-term facilitation compared to synapses formed by L4 cells. This is 
unlike the E!I synapses where significant differences in synaptic properties are seen based 
on the identity of the post-synaptic neuron and the pre-synaptic identity appears immaterial. 
Within the pre-synaptic populations however, it is not possible to differentiate between the 
synapses formed by CT versus CC neurons due to the small sample size. No difference can 
be seen between synapses formed by the spiny stellate and star pyramidal L4 neurons. 
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Figure 4.27: Features of E!E synapses based on pre- and post- synaptic cells 
Four synaptic parameters are compared based on the type of pre- and post-synaptic neuron in 
19 E!E connections. Each plot compares two types of post-synaptic cells on the left, and two 
types of pre-synaptic cells on the right. 13 post-synaptic neurons were CT (squares), 5 CC 
(circles) and the single L6e!L4e connection is included in the former group (filled diamond); 
one neuron could not be classified. Based on the pre-synaptic cell, the connections are divided 
into two groups, L6e!L6e (n = 7) and L4e!L6e (n = 11); within each group the identity of 
the neuron, CT or CC among the L6e cells, and SS or SP among L4e neurons, are indicated. 
Paired-pulse and steady-state ratios shown are values excluding failures of release. Each point 
represents one synaptic connection; the means and standard errors are plotted alongside the 
individual data points for each group. *, p<0.05; **, p<0.01. 
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In general, the amplitudes of all excitatory synapses, barring three, are very small. The 
average amplitude of these synapses is 0.37±0.38 mV, with only three of the twenty 
connections encountered resulting in a depolarisation greater than 0.5mV, two of which arise 
from L4. The average amplitude of L6e!L6e connections is only 0.27±0.18mV, and 
therefore contributing minimally to action potential firing, which requires depolarisations of 
about 25mV. No differences are seen in the amplitude based on either pre- or post-synaptic 
neuron type. Recurrent excitatory synapses within L6 are therefore very weak, and possibly 
serve to modulate driving inputs arising from the thalamus or even L4, which are stronger 
(Agmon and Connors, 1991; Beierlein and Connors, 2002). 
 
4.4.5. The short-term dynamics of E!E synapses 
 
As seen in the preceding section, the short-term dynamics in the excitatory synapses 
formed onto L6e cells depends on the L4 or L6 location of the pre-synaptic cell; L4e!L6e 
synapses show depression and L6e!L6e synapses facilitation. Figure 4.28 explores some of 
the properties of the dynamics seen in the E!E synapses based on the pre-synaptic neuron. 
Panel A reveals that the facilitation in L6e!L6e synapses has a release-independent 
component, indicated by the shift to the right of the amplitude distribution of PSP#2 
following a failure in PSP#1; this does not however reach statistical significance. The shift, 
coupled with the high failure rates in these synapses (75±27%) suggests that there is an 
increase in release-probability associated with the second spike irrespective of release of 
neurotransmitter in response to the first spike. There is no such shift of the curve for synapses 
onto L6e cells arising from L4e neurons; the depression in this connection is therefore 
dependent on release. 
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Figure 4.28: Mechanisms underlying short-term plasticity in E!E synapses 
A. Cumulative amplitude distributions of PSP#1 (thin black line) and PSP#2 following a 
failure of PSP#1 (thick coloured line) in excitatory synapses formed onto L6 neurons from 
two sources: L6 cells (blue) and L4 cells (red). The p-value of the Kolmogorov-Smirnov test 
comparing the two distributions in case of the L6e!L6e synapses is indicated. 
B. Dependence of the amplitude of PSP#2 on that of PSP#1 for the two synaptic types 
(L6e!L6e in blue squares and L4e!L6e in red circles). All paired-pulse trials at 10Hz where 
neither response failed are plotted. Linear regressions are plotted in the respective colours and 
their slopes and confidence limits indicated. 
 
 
Further, the responses of L6e!L6e synapses to paired-pulses at 10Hz undergo a use-
dependent change, as seen in panel B of the figure above (blue squares). The slope of the 
regression line however just fails to achieve statistical significance. A use-dependence at 
10Hz suggests that the size of the readily-releasable pool (RRP) in these synapses is small, 
with one spike causing an appreciable change in the number of vesicles available for release 
100ms later. Post-synaptic effects like desensitisation of glutamate receptors are minimal at 
these frequencies (Trussell et al., 1993; Raman et al., 1994), implying that these are changes 
mainly occurring at the pre-synaptic terminal, like those underlying the release-dependence 
seen in panel A. 
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The paired-pulse depression in L4!L6e synapses shows no such use-dependence at this 
frequency. Higher frequencies though do reveal a small dependence on use (data not shown), 
which can be explained by post-synaptic mechanisms. The depression at these frequencies is 
also small (0.9±0.3), with steady-state depression values slightly lower at 0.8±0.5, suggesting 
that the RRP is not depleted significantly after trains of 8 spikes. 
The differing dynamics of synapses on L6 neurons when formed by L4 or L6 excitatory 
cells are therefore mediated largely by differences in the size of the neurotransmitter pool and 
the probability of release at the pre-synaptic terminal. 
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Table 4.3 
Pre-synaptic Post-synaptic Amplitude CV Latency Failures Rise time Half-width PP ratio SS ratio Membrane !
cell cell (mV) (%) (ms) (%) (ms) (ms) (ms)
L6e synapses onto L6e cells
1 L6eCC L6eCC 0.19 26.44 2.77 71.43 0.85 16.45 2.37 3.50 15.70
2 L6eCC L6eCC 0.24 53.51 1.73 90.00 0.86 14.51 3.01 6.90 16.70
3 L6eCC L6eCT 0.66 57.67 1.22 16.44 1.96 36.95 0.96 0.78 15.60
4 L6eCC L6eCT 0.11 32.04 1.19 84.38 0.50 12.23 1.03 1.20 8.10
5 L6eCT L6eCT 0.18 42.28 1.45 85.00 0.57 10.58 11.30
6 L6eCT L6eCT 0.20 48.87 1.12 90.98 0.44 7.59 1.47 2.62 8.40
7 L6eCT L6eCT 0.32 45.27 1.31 61.11 1.81 20.63 3.06 4.40 10.50
Mean±SD 0.27±0.18 43.7±11.2 1.54±0.58 71.3±26.5 1.00±0.63 17.0±9.7 1.98±0.96 3.23±2.25 12.3±3.6
Max 0.66 57.67 2.77 90.98 1.96 36.95 3.06 6.90 16.70
Min 0.11 26.44 1.12 16.44 0.44 7.59 0.96 0.78 8.10
L4e synapses onto L6e cells
1 L4eSP L6eCC 0.30 30.88 4.22 55.88 5.59 36.68 1.31 31.60
2 L4eSP L6eCC 0.19 64.76 2.05 52.17 1.08 13.60 0.98 0.96 11.90
3 L4eSS L6eCT 1.08 37.57 3.64 9.09 5.87 45.94 0.82 0.89 22.00
4 L4eSP L6eCC 0.23 46.68 1.46 36.10 0.62 70.78 0.67 0.83 36.40
5 L4e L6e 0.17 48.22 1.40 54.55 0.82 14.77 0.19 0.18
6 L4e L6eCT 1.65 28.66 1.96 0.00 0.86 14.52 0.87 0.77 8.10
7 L4eSS L6eCT 0.21 51.48 2.42 51.32 1.82 12.13 0.98 1.06 11.50
8 L4eSP L6eCT 0.22 47.56 1.86 54.63 1.54 33.77 0.18 0.21 10.70
9 L4eSP L6eCT 0.23 42.49 2.85 72.00 4.85 NaN 0.76 1.18 13.10
10 L4eSP L6eCT 0.20 61.10 2.36 72.00 3.15 23.67 0.39 0.36 14.00
11 L4eSS L6eCT 0.19 32.26 2.19 53.00 0.92 18.45 1.27 1.43 13.80
Mean±SD 0.42±0.48 44.7±11.8 2.40±0.87 46.4±23.0 2.47±2.04 28.4±18.8 0.77±0.38 0.79±0.42 17.3±9.6
Max 1.65 64.76 4.22 72.00 5.87 70.78 1.31 1.43 36.40
Min 0.17 28.66 1.40 0.00 0.62 12.13 0.18 0.18 8.10
L6e synapse onto a L4e cell
1 L6eCC L4eSP 0.45 62.48 4.76 45.16 1.69 0.47 0.65
L6e-L6e vs. L4e-L6e synapses
p-value 0.62 0.87 0.04 0.02 0.28 0.16 0.002 0.004 0.51
ROC area 0.86 0.83 0.78 0.69
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Table 4.3: Properties of all E!E synapses 
All E!E synapses grouped based upon the type of pre-synaptic neuron. The two different 
connections, L4e!L6e and L6e!L6e, are compared below. The properties of the single 
L6e!L4e connection encountered are listed separately. 
 
 
4.4.6. A discussion on E!E connections 
 
Excitatory neurons in L6 of the barrel cortex, as in other cortical regions, are primarily 
responsible for the relay of information through cortex. Recurrent excitatory connections 
within a region of cortex have been shown to perform various tasks of sensory computation 
(Douglas and Martin, 1991; Somers et al., 1995). However, much still needs to be understood 
regarding how excitatory cells are connected. With regard to their synaptic properties of these 
connections, some general patterns have been reported. For example, the intracortical 
excitatory connections onto neurons in L4, both SS and SP, have been shown to differ based 
on the laminar source of these synapses, whether L4 or L6 (Stratford et al., 1996; Tarczy-
Hornoch et al., 1999). 
I have shown in this section that corresponding differences exist when comparing 
synapses formed onto L6 neurons by the same two intracortical sources of excitation, namely 
L4 and L6 neurons. This rule of wiring excitatory neurons together differs from the manner 
in which inhibitory and excitatory cells are linked, i.e. the properties of the synapse are 
determined by the pre-synaptic cell and not, as in the case of E!I and I!E connections, by 
the post-synaptic neuron. The details and implications of these findings are discussed now. 
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Excitatory networks within L6 
 
The existence multiple subtypes of excitatory pyramidal neurons in L6 has been revealed 
in a variety of species with a variety of techniques including Golgi staining (Tömböl, 1984; 
Ferrer et al., 1986), bulk labelling in-vivo (Burkhalter, 1989; Usrey and Fitzpatrick, 1996), 
single cell labelling, both in brain slices (Katz, 1987) and in-vivo (Wiser and Callaway, 1996; 
Zhang and Deschênes, 1997), and electrophysiological techniques (van Brederode and 
Snyder, 1992; Kaneko et al., 1995; Brumberg et al., 2003). In the previous chapter I listed 
criteria, both morphological and electrophysiological, by which to classify pyramidal L6 
neurons into corticothalamic and at least two subtypes of corticocortical neurons. This section 
has presented data on the intra-laminar synapses formed between these neurons and also 
inter-laminar synapses formed by excitatory L4 cells onto CT and CC cells in L6. The 
connections encountered reveal that both CT and CC neurons in L6 and SS and SP cells in L4 
are pre-synaptic to excitatory neurons in L6 (identical to the set of neurons found to be pre-
synaptic to inhibitory L6 neurons see in section 4.2). 
The first question in addressing connectivity in the network is whether connections 
between some neuronal types occur at a higher proportion than between others. A total of 12 
excitatory cell combinations are possible between CT, CC, CC and SP neurons (excluding 
those between two L4 cells), of which the only one not encountered was a CT!CC 
connection. However, my data does not allow any conclusions on the proportion of each type 
of connection in the neuropil; this would require an unbiased method of sampling neurons, 
and many more synaptic connections. 
Indirect evidence for the existence of CT!CC connections comes from the study of 
Beierlein & Connors (2002), who recorded two forms of short-term dynamics in intracortical 
synapses formed onto L6 neurons. One type, evoked only by thalamic stimulation, showed 
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short-term facilitation, while all the synapses encountered by paired-cell recordings (n = 4) 
showed depression. They concluded that facilitating synapses were formed by the 
intracortical collaterals of CT neurons and the depressing synapses by CC neurons; the 
identity of neither pre- nor post-synaptic neuron was confirmed morphologically. Assuming 
that the authors sampled randomly from both CT and CC cells, it indicates that L6 neurons 
(of either type) receive facilitating synapses from CT cells and depressing synapses from CC 
neurons. 
Another study conducted in-vitro in both the rat somatosensory and cat visual cortices 
(Mercer et al., 2005) did conclude, based on the number of synapses encountered between L6 
neurons, that CC neurons are up to four times more likely than CT cells to form a synapse 
onto another excitatory L6 cell. They recorded from 27 synapses between L6 excitatory cells 
in the rat. The pre-synaptic morphology was recovered in 16 cases, 5 of which resembled CT 
neurons; they do not report the post-synaptic cell type. The corresponding numbers in my 
data are 7 L6e!L6e connections, 3 of which involve a pre-synaptic CT neuron contacting 
another CT cell. 
 Their conclusion on connectivity is however invalid. The ‘hit-rates’ reported by the 
authors are prone to a number of experimenter-induced and inherent biases. Indeed, the 
frequency of encountering synaptically connected pairs has been documented to change over 
time and under different experimental conditions (Thomson and Deuchars, 1997; Thomson et 
al., 2002). Furthermore, the extent of pruning of the axonal tree by the slicing process cannot 
be estimated due to differences in the axon of every neuron. The chances of encountering 
connections formed by each neuron tested therefore varies, especially when attempting to 
record from two or more cells separated by large distances. 
 Based on the studies of Beierlein and Connors (Beierlein and Connors, 2002), of Alex 
Thomson and colleagues (Mercer et al., 2005; West et al., 2006) and my data presented in 
this thesis, evidence for the existence of almost all permutations of L6 neuron combinations 
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exists. This is similar to the connections encountered between excitatory and inhibitory cells 
in L6 presented in the previous sections. A similar interconnectivity is also seen between 
spiny stellate and star pyramidal neurons in L4 in both, the rat barrel cortex (Feldmeyer et al., 
1999; Cowan and Stricker, 2004) and the cat visual cortex (Stratford et al., 1996; Tarczy-
Hornoch et al., 1999; Ohana and Martin, unpublished results). No case exists as yet for the 
presence of exclusive sub-networks of excitatory neurons within L6. 
 
Specificity of synaptic properties 
 
In general, the L6e!L6e connections encountered in this study have very small 
amplitudes and high failure rates, with most showing a short-term facilitation of their 
responses. Within L6, no difference could be observed between synapses formed by CT 
neurons and those by CC neurons, as claimed by two earlier studies on excitatory connections 
within this lamina (Beierlein and Connors, 2002; Mercer et al., 2005); these findings are 
examined now. 
Beierlein and Connors (Beierlein and Connors, 2002) encountered 4 synaptic connections 
between excitatory L6 cells upon testing 102 pairs (204 connections), three of which showed 
short-term depression in trains of 8 spikes at 40Hz. The mean failure rate in the three 
depressing synapses was 18%. The one connection used for illustration had an amplitude of 
about 0.5mV; they do not however elaborate any more on the properties of these pairs. Since 
none of the intracortical EPSPs on L6 cells evoked by thalamic stimulation (ascribed to the 
antidromic activation of CT cells) showed paired-pulse depression, they conclude that the 
three depressing synaptic connections were formed by CC neurons. But the authors cannot 
rule out that the possibility that the facilitating connection was also formed by a CC neuron, 
since none of the morphologies were recovered. 
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In my data (Table 4.3), the connection with the lowest failure rate (16%), highest 
amplitude (0.7mV) and depressing paired-pulse and steady-state ratios, was indeed formed by 
a CC neuron. But three other connections formed by CC neurons show much higher failure 
rates, smaller amplitudes and facilitating short-term dynamics, similar to those formed by CT 
cells. The neurons were classified as CC or CT based on both, their anatomical and 
physiological properties, using criteria defined in the preceding chapter. 
In the study by Mercer et al. (Mercer et al., 2005), the authors document 11 excitatory 
connections formed by CC neurons in the rat, 7 of which were formed onto CC and 4 onto 
CT cells. These connections had higher average amplitudes (0.9±0.7 and 1.7±0.4mV, 
respectively) and lower failure rates (20±20 and 2±2%, respectively) than the corresponding 
connections in my data; they report that all 23 pairs where the pre-synaptic neuron had CC-
like morphology (or with phasic spike responses to depolarising square-wave currents 
connections; data from cat and rat included) showed paired-pulse depression, with an average 
ratio of 0.69±0.22 to stimuli at approximately 50Hz. 
This discrepancy in amplitudes, failure rates and short-term dynamics of synapses formed 
by CC neurons could be explained by differences in the experimental technique used by 
Mercer et al. and those in this study. Mercer et al. used 450-500!m thick slices (vs. 300!m in 
my study), and sharp-electrode recordings (vs. patch-clamp). This allowed them to record 
from deeper in the slice, from cells suffering lesser from axonal pruning, as is evident in their 
reconstructions compared to mine. This could imply that the connections between cells 
recorded by them were mediated by a greater number of synapses. A greater number of 
release sites would result in larger amplitudes, lower failure rates and synaptic depression in 
response to repeated stimulation. 
Furthermore, the extracellular calcium to magnesium ratio (in mM) used by Mercer et al. 
was 2.5/1, compared to 2/1 in my study. A higher Ca
2+
/Mg
2+
 ratio is known to increase the 
neurotransmitter release probability (Malinow and Tsien, 1990; Asztely et al., 1994; 
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Hardingham et al., 2006), and at least a part of the difference between my data and theirs can 
be explained by this difference in the ionic composition of the extracellular solution. It does 
not however account for the larger number of depressing synapses (3 of 4) encountered by 
Beierlein and Connors, who used a Ca
2+
/Mg
2+
 ratio of 2/2; but the number of connections in 
their study is small and there are no figures on amplitudes, CVs and short-term dynamics 
available from that study for comparison. 
In conclusion therefore, while all connections formed by CT neurons encountered in this 
study and others showed short-term facilitation, those formed by CC neurons are variable. 
The causes underlying the variability in synaptic properties is unknown, since it was not 
possible to reliably classify the pre-synaptic CC cells into the CC1 and CC2 groups defined 
earlier. It is likely that the different CC cells have distinct functional roles, which could be 
implemented, at least in part, by differences in the synapses they form on other excitatory 
neurons. Resolving this issue and understanding the nature of excitatory networks within L6 
necessitates further investigation. 
Though the properties of synapses formed by CT and CC neurons did not differ, these 
connections collectively differed significantly from those formed by L4 cells (both SS and 
SP) onto L6e neurons (both CT and CC). The failure rates of L4e!L6e synapses were lower 
than those of the L6e!L6e synapses, with the former more often associated with synaptic 
depression than the latter; both, paired-pulse and steady-state ratios differ significantly. The 
strongest excitatory connections onto L6e neurons encountered in this study were those 
formed by L4 neurons, though the amplitudes were not, on average, significantly different 
from those formed between L6 neurons. 
Within the L4e!L6e group, no differences were seen in the properties of synapses formed 
by either SS or SP neurons. Differences between synapses formed by these two cells types 
within L4 have been reported (Cowan and Stricker, 2004), but only between homonymous 
(SS!SS and SP!SP) versus heteronymous (SS!SP and SP!SS) connections. It can be 
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imagined that CT and CC neurons in L6 are analogous to SS and SP cells in L4, respectively, 
since the axons of the former are restricted horizontally and the latter not. The analogous 
homosynaptic connections in L6 could include CT!CT, CC!CC, SS!CT and SP!CC 
pairs with heterosynaptic connections being the CT!CC, CC!CT, SS!CC and SP!CT 
pairs. Unfortunately my data is insufficient for a thorough analysis of homo- versus 
heteronymous pairs, though this would form an interesting line of future investigation. 
The latencies of L4e!L6e synapses were on average longer and ranged from 1.4 to 4.2 
ms; synapses with the longest delays also displayed the slowest rise-times. These suggest that 
the synapse was located at varying distances from the soma of the post-synaptic neuron. As 
mentioned earlier, the morphology of the recovered neurons also indicated that the synapse 
was located either distally on the apical tuft of L6 cells (since the descending pre-synaptic 
axon was cut close to the soma of the L4 neuron), or closer to the soma, within L6 (a long, 
thick, descending axon could be followed into L6 with putative synaptic contacts on the basal 
or proximal apical dendrites). The histogram of the latencies and rise-times did not show a 
bimodal distribution (data not shown), suggesting that no specific proximal-versus-distal 
targeting strategy exists in connections formed between L4e and L6e cells. 
All these findings imply that the major differences between intracortical excitatory 
synapses formed onto L6e cells are in the short-term dynamics. Connections initiated by L4e 
cells are more often depressing than those by L6e neurons. Like other studies on excitatory 
connections, these properties appear to be mediated by the type of pre-synaptic neuron. The 
strengths of the connections are varied with a few strong connections observed among a large 
number of weak and unreliable synapses. What determines the strength of a synaptic 
connection is yet undetermined, though recent evidence exists that this might not be 
randomly determined (Song et al., 2005). In that study, the authors detected larger amplitudes 
in excitatory pairs that were reciprocally connected compared to those that were not, and a 
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lognormal distribution of synaptic strengths, concluding that a few strong excitatory 
connections are formed in a network of predominantly weak connections. 
In conclusion, unlike in the previous synapses described, namely the E!I and I!E 
connections, the properties of synapses in the E!E network in L6 are determined by the pre-
synaptic neuron, whether located in L6 or in L4. This idea of pre-synaptic determination of 
excitatory connection properties is in agreement with earlier findings in both the rat 
somatosensory (Beierlein and Connors, 2002; Mercer et al., 2005) and the cat visual cortices 
(Stratford et al., 1996; Tarczy-Hornoch et al., 1999); it is indeed very similar to the latter 
studies where inputs onto L4 neurons were shown to differ based on an L4 or L6 source. 
Within each excitatory source however, no differences were detected. The properties of 
the connections did not differ if the pre-synaptic cell was CT or CC, as was suggested by 
earlier studies in the rat (Beierlein and Connors, 2002; Mercer et al., 2005); the data in this 
study are too few to resolve this issue. The connections also did not differ if the pre-synaptic 
L4 cell was a SS or SP neuron. When grouped together as L6 and L4 sources of excitation 
respectively, excitatory L6 neurons formed synapses with high failure rates and facilitating 
responses, and L4 neurons formed more reliable synapses with short-term depression. 
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Excitatory synapses from L6 to L4 
 
Only one connection from an excitatory cell in L6 onto an excitatory L4 neuron was 
encountered. This was despite targeting optimally oriented neurons in L6 with axon 
collaterals that ascend and arborise in L4. Furthermore, inhibitory neurons in L4 were twice 
targets of these ascending collaterals (data presented in section 4.2). It is therefore likely that 
like the E!I connections within L6, the convergence from excitatory L6 neurons onto 
inhibitory L4 cells is high. Excitatory connections tend to be sparse even within L6 
(evidenced by the lack of reciprocal connections between excitatory L6 neurons), and 
together these possibilities account for not having encountered more excitatory connections 
from L6 to L4. 
Another explanation, considering the relative ease of encountering connections in the 
opposite direction, i.e. from L4 to L6, is that the L6e!L4e synapses escaped detection. As 
mentioned above, the L4e!L6e connections include cases where the descending axon of the 
L4 cell forms a synapse on the basal dendrites of L6 neurons (4 of 11 connections have 
latencies under 2ms, supporting a proximal dendritic site for the synapse). The principal 
descending axons of L4 neurons are thicker than the ascending collaterals of L6 neurons. The 
fine gauge of the L6 collaterals coupled with the tiny amplitudes and high failure rates seen 
in the L6e!L6e connections support the possibility that the L6e!L4e connections escaped 
detection due to a combination of transmission and release failures. 
This is however unlikely, since the detection protocols involved multiple repetitions 
(about 50) of a train of four spikes at 50Hz (100Hz when the pre-synaptic neuron was 
presumed to be inhibitory). Only synapses with extremely low release probabilities that did 
not increase within the train would be missed by such a protocol. 
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However, even these protocols would fail to elicit a post-synaptic response if the 
L6e!L4e synapses are mediated predominantly via NMDA receptors. CT neurons are 
known to modulate thalamic relay neurons via NMDA receptors (Deschênes and Hu, 1990; 
Kao and Coulter, 1997; Miyata and Imoto, 2006), with the NMDA/non-NMDA ratio about 
four-times as large in CT terminals compared to lemniscal synapses (Miyata and Imoto, 
2006). Further, the expression of these receptors at CT terminals depends on the target 
nucleus: no NMDA component is detected at CT terminals in the Po nucleus (Landisman and 
Connors, 2007). The expression of NMDA receptors in the VPm and not the Po argues for a 
similarly large NMDA receptor mediation of the L6e!L4e connections, which are the 
continuation of the lemniscal projections (Bureau et al., 2006). High failure rates coupled 
with small non-NMDA responses could therefore contribute to the scarcity of detecting 
L6e!L4e connections while allowing connections in the opposite direction to be detected. 
Future studies could therefore include the depolarisation of the post-synaptic neuron in the 
protocol for detection of L6e!L4e connections. 
The single L6e!L4e connection encountered involves a pre-synaptic CC neuron. This is 
surprising, considering the widespread axonal arbour of CC cells demonstrated in the 
previous chapter. But as the reconstructions in both Figure 4.25 and Figure 4.26 show, CC 
neurons do display axonal collaterals that enter L4. Neither neuron has a prominent branch 
entering the white matter and further, the firing properties are typical of CC neurons. It can 
only be concluded that L6 CC neurons also contribute synapses in L4, though the spatial 
extent and density of this innervation is likely to be different to that of CT neurons. 
This synapse clearly displays short-term depression (Figure 4.26 and Figure 4.27). 
However, the only physiological recordings of L6e!L4e connections reported in the 
literature (Stratford et al., 1996; Tarczy-Hornoch et al., 1999) reveal facilitating responses. 
The pre-synaptic neurons in their case are clearly corticothalamic (Tarczy-Hornoch, 1997). 
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The response dynamics may again depend on the type of pre-synaptic cell involved in the 
connection, which would explain this discrepancy. 
 
L4e!L6e connections 
 
Excitatory synapses arising from neurons in L4 (both spiny stellate and star pyramidal 
neurons) have been shown in this study to form synapses onto both excitatory and inhibitory 
cells in L6. This is the first study to characterise the physiological properties of the synapses 
involved in this connection. 
The properties of these synaptic connections, while qualitatively similar to the connections 
between neurons within L4 of the rat barrel cortex (Feldmeyer et al., 1999; Cowan and 
Stricker, 2004), show specific differences. The failure rates reported in these two studies for 
L4e!L4e connections are lower than for the L4e!L6e connections described here (12±13% 
and 5.3±7.8% versus 46±23%, respectively); both used a similar Ca
2+
/Mg
2+
 ratio of 2/1 used 
in this study. 
 The amplitudes on the connections between L4e cells measured by Feldmeyer et al. 
(1999) are also larger (1.59±1.51 vs. 0.42±0.48mV in this study) but the CVs are however 
comparable (37±16% vs. 46±13%) to those of the interlaminar connections reported here; 
Cowan and Stricker (2004) measured post-synaptic currents, which cannot be compared to 
the synaptic potential measurements made in this study. 
Furthermore, L4e!L4e synapses consistently show short-term depression, both in the rat 
barrel cortex (Cowan and Stricker, 2004) and the cat visual cortex (Stratford et al., 1996; 
Tarczy-Hornoch et al., 1999). However, unlike the depression in the L4e!L6e synapses seen 
here, the depression between two L4e neurons is reported to be stronger (paired-pulse ratios 
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of 0.53±0.18 vs. 0.89±0.28 in this study) and involves a release-independent component 
(Cowan and Stricker, 2004). The release-independence was target cell specific, with larger 
values for connections formed onto star pyramidal neurons. Greater numbers are required to 
explore similar differences in the L4e!L6e connections. 
The number of synapses mediating each connection can again explain these differences. 
Feldmeyer et al. observed between two and five (3.4±1.0) putative connections in the pairs 
recovered morphologically; Cowan and Stricker report an equivalent number of 6.6±2.1 
release sites for their data. The connections formed by L4e cells in L6 are likely to be 
mediated by a much smaller number of synapses due to the relative paucity of axonal 
ramification in this layer. Both, the smaller amplitudes and synaptic depression could be the 
consequences of having fewer release sites. 
In summary, contacts by excitatory L4 neurons onto those in L6 were encountered 
frequently in the modified thalamocortical slices used in this study. Qualitatively the 
physiological properties of these synapses resemble those formed by L4e neurons onto each 
other. The number of synapses contributed by this projection onto L6e cells is likely to be 
small, since each L4e cell sends one relatively unbranched axon into L6. However the 
incidence of encountering these connections in the slice preparation suggests that they occur 
frequently. The relative strength and contrasting dynamics of these synapses compared to 
those formed between L6e neurons suggest that recurrent excitation from L4 supplements 
thalamic activity in driving neurons in L6. 
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4.5. A comparative analysis of synaptic types 
 
With two general neuronal populations, excitatory and inhibitory, four types of 
connections are possible: E!E, E!I, I!E and I!I. In the preceding three sections I have 
presented data on all these barring the last, of which only one example was encountered. 
Each group was analysed based on the types of excitatory and inhibitory neurons involved. I 
now discuss some general differences between the three parent groups of synaptic 
connections. 
The average amplitude of the excitatory connections encountered in this study is 0.71±1.0, 
and that of the inhibitory synapses, -0.67±0.43 mV; the responses of the former fail more 
often, but this did not reach significance (failure rates of 47.3±29.5% and 30.2±20.9% 
respectively). Apart form their effect on the post-synaptic membrane voltage (depolarising 
vs. hyperpolarising), the physiological features that distinguish excitatory and inhibitory 
synapses are their kinetics. Compared to inhibitory synapses, both types of excitatory 
connections (E!E and E!I) have shorter rise-times (2.7±1.0 vs. 1.9±1.7 and 0.7±0.3, 
respectively) and half-widths (37.4±19.2 vs. 23.6±16.3 and 9.0±2.4ms, respectively); typical 
examples from each group are illustrated in Figure 4.29. 
The two types of excitatory synapses, apart from having different kinetics depending on 
whether the post-synaptic neuron is excitatory or inhibitory, also show larger amplitudes 
when the target cell is inhibitory (0.34±0.4mV vs. 1.1±1.3mV in E!E and E!I connections, 
respectively). A comparison of the properties of excitatory and inhibitory synapses is 
presented in Table 4.4 and those of E!E and E!I synapses in Table 4.5. 
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Figure 4.29: PSP kinetics 
Post-synaptic responses in one example from 
each of three synaptic groups (upper three 
traces) and a representative action potential 
(lower trace). The rise, decay and half-widths 
of the post-synaptic potentials differ based on 
whether the synapse is inhibitory (I!E 
synapse) or excitatory and, in case of the latter, 
if the post-synaptic cell is excitatory (E!E 
synapse) or inhibitory (E!I synapse). 
The fastest rise and decay kinetics are observed 
in excitatory synapses onto inhibitory neurons. 
Excitatory synapses, in general, have faster 
kinetics than inhibitory synapses. 
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Table 4.4: Excitatory versus inhibitory synapses. 
Average values for 36 excitatory and 13 inhibitory synapses encountered in this study. Values 
in bold represent those that differ significantly between the two groups. 
PP (paired-pulse) and SS (steady-state) ratios are the amplitudes of PSP#2 and PSP6-8, 
respectively, normalised to that of PSP#1. 
 
 
Table 4.5: E!E versus E!I synapses. 
Properties of excitatory synapses formed onto the two basic neuronal types, excitatory and 
inhibitory, are tabulated. Parameters that differ significantly are presented in bold typeface. 
 
 
Parameter Excitatory synapses Inhibitory synapses p-value ROCarea
(n = 35) (n = 13)
PSP ampl (mV) 0.71+/-1.00 -0.50+/-0.74
CV 48.9+/-14.5 44.6+/-13.1 0.35
Latency (ms) 1.82+/-0.97 1.67+/-1.68 0.18
Failures (%) 47.6+/-29.8 30.2+/-20.9 0.06
Rise time (ms) 1.32+/-1.41 2.72+/-0.97 1.9E-05 0.86
Half-width (ms) 16.8+/-14.0 37.4+/-19.2 8.1E-04 0.89
PP ratio 1.22+/-0.88 0.90+/-0.28 0.08
SS ratio 1.96+/-1.97 1.26+/-0.58 0.27
Parameter E-E synapses E-I synapses p-value ROC area
(n = 19) (n = 16)
EPSP ampl (mV) 0.37+/-0.38 1.11+/-1.33 5.7E-05 0.88
CV 45.1+/-11.4 53.5+/-16.8 0.11
Latency (ms) 2.21+/-1.04 1.36+/-0.65 0.01 0.81
Failures (%) 55.5+/-26.1 38.1+/-32.0 0.07
Rise time (ms) 1.88+/-1.72 0.65+/-0.25 0.01 0.81
Half-width (ms) 23.7+/-16.4 9.0+/-2.4 6.1E-05 0.78
PP ratio 1.15+/-0.85 1.29+/-0.93 0.81
SS ratio 1.64+/-1.78 2.32+/-2.18 0.69
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The kinetics of excitatory and inhibitory synapses are mediated by the receptors involved 
in these connections. The slower kinetics of the inhibitory connections seen here can be 
explained by the slower kinetics of GABA-receptor mediated currents versus those of 
glutamate receptors. The slow time-constant of decay of currents through GABA receptors 
(Verdoorn et al., 1990; Lavoie et al., 1997) is at least twice as long as those measured in 
glutamate receptors (Trussell and Fischbach, 1989; Raman et al., 1994), irrespective of the 
specific subunit composition. 
Differences in receptor subunit composition likely underlies differences in kinetics 
between E!E and E!I connections. Glutamate receptors of the AMPA types in cortical 
interneurons lack the GluR2 subunit and have faster rise and decay kinetics compared to 
those of AMPA receptors expressed on excitatory cells (reviewed in Jonas et al., 2004). 
Similar findings with possibly the same underlying mechanisms have been reported recently 
for thalamocortical synapses formed onto inhibitory and excitatory neurons in L4 of the 
mouse somatosensory cortex (Cruikshank et al., 2007). Further, a difference in the absolute 
numbers of receptor molecules might underlie the difference in strength of these two 
connection types as seen in the case of corticothalamic terminations onto reticular and relay 
neurons in the thalamus (Golshani et al., 2001). The relatively compact dendritic structure of 
inhibitory neurons may also contribute to differences in the strength and kinetics of excitatory 
synapses formed on them. 
The stronger activation of inhibitory neurons with faster kinetics understates the 
importance of a strong and rapid recruitment of cortical inhibition by excitatory activity. The 
results presented in the earlier sections suggest that all inhibitory neuronal types receive 
excitatory synapses from similar sources, but the dynamics of the synapses themselves are 
regulated based upon the specific identity of the inhibitory cell. Together, these results 
suggest that excitatory input to L6 will result in a near-simultaneous activation of both 
excitatory and inhibitory cells in this layer. The precise temporal effect of such activation of 
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different cell types likely determine the optimal responses to sensory stimulation (Wilent and 
Contreras, 2005). 
 
Specificity within an interconnected network 
 
The adjoining figure is an illustration of the network I have 
attempted to understand in this thesis. It consists of at least two 
excitatory (triangles) and two inhibitory (circles) neuronal 
types in L6, and includes the excitatory and inhibitory cells in 
L4 that form both the targets of L6 neurons as well as sources 
of input to them, as shown in this work; dendrites are depicted 
in black, the axons in the respective colours of the somata. This 
is the minimal set of neurons describing the L6 network and its 
interactions with L4, distant cortical regions, and the thalamus. 
All these excitatory and inhibitory neurons described here 
form connections onto each other, i.e. the network is seemingly 
connected in an all-to-all manner within a small distance, 
though exact numbers and connection probabilities are not known. While this finding cannot 
be regarded as a confirmation of an all-to-all connectivity, it stands as evidence against the 
formation of selective sub-circuits within the L6 network, at least between excitatory and 
inhibitory neurons. However, there still exists a high degree of specificity within the network, 
which lies in the details of the synapses formed between these neurons. 
Data presented in the preceding sections show that the excitatory drive to inhibitory 
neurons is drawn from the common pool of excitatory neurons. Likewise, the sources of 
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inhibition onto excitatory neurons are also drawn from a common set of inhibitory cells. The 
specificity in the network arises in the properties of excitatory synapses made onto discrete 
populations of inhibitory neurons, and reciprocally, in the properties of inhibitory synapses 
made onto specific excitatory cell types. Such organisation reveals an efficient use of cortical 
resources while potentially preserving the unique physiological and functional properties of 
discrete portions of the cortical network. Furthermore, temporal and spatial patterns of 
activity in such a network, if any, must arise from the unique physiological and 
morphological features of the individual neuronal types and the rules that define the manner 
in which they are connected (Tsodyks et al., 1999; Buonomano, 2005; Luczak et al., 2007). 
These potential properties of E!I!E networks with post-synaptically determined specificity 
in synaptic dynamics require to be investigated in simulated neuronal networks with the 
architecture suggested in the schematic in Figure 4.30. 
The architecture focuses on the interactions between the two excitatory and two inhibitory 
cells types, each excitatory type receiving characteristic inhibitory synapses and vice versa. 
The assumption is that the unique morphology and biophysics of each cell type underlies a 
specific functional role for each in sensory information processing. These unique roles might 
be reflected by distinct temporal and/or spatial patterns of activity in each neuronal type in 
response to a common excitatory input to the network. The role of post-synaptic cell based 
synaptic specificity in such a network can be specifically investigated by comparing the 
activity in this network to the activity in the same network with randomly assigned synaptic 
properties. 
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Figure 4.30: Schematic of the L6 network and synaptic properties 
The upper network illustrates the two populations each of excitatory and inhibitory neurons in 
L6. Arrows indicate the direction of synaptic connections formed between the cell types; 
evidence suggests that the cell are connected in an all-to-all manner. The specific synaptic 
properties of E!I and I!E connections, which depend on the post-synaptic cell, are 
indicated. 
The activity of a network with such architecture needs to be contrasted with activity in a 
similarly connected network illustrated below, with randomly assigned synaptic properties. 
 
 
The data available so far is insufficient to realistically assign the properties of E!E 
synapses in this network. While excitatory links determine the flow of information within 
cortex, the architecture of excitatory networks is relatively poorly understood owing mainly 
to the difficulty in identifying and labelling distinct excitatory cell types. Little known about 
the specificity (or lack thereof) of connections formed between excitatory cells and the data 
on E!E connections in L6, both in this work and others before (Beierlein and Connors, 
2002; Mercer et al., 2005), is at best preliminary; no conclusion is as yet possible on 
differences between connections initiated by CT versus CC neurons, or homo- versus 
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heteronymous connections, due to the small numbers of these connections encountered or 
uncertainties in the identification of the cells involved. Differences in the E!E synapses 
formed by L4e versus L6e neurons seen in this study do however reflect the similar 
specificities in excitatory synapses formed onto L4e neurons in the primary visual cortex of 
the cat (Stratford et al., 1996; Tarczy-Hornoch et al., 1999). The network could therefore 
preliminarily include both facilitating and depressing excitatory interconnections with similar 
properties in the afferents to the network. 
Beside the properties of the synapses, an understanding of the architecture of cortical 
networks requires the knowledge of the probability with which a cell of one type contacts a 
cell of another. Such data exists does not exist for any cell type, in any layer, or in any 
species. The debate in this regard is still concerned with the presence or absence of rules 
determining the connectivity between specific cell types, with one extreme viewpoint 
requiring the connections between any two cell types to be specified by some rule and the 
other suggesting that connectivity is determined by the simple overlap of pre- and post-
synaptic elements in the neuropil. A recent in-vitro study in L5 suggested that connections 
are formed in highly non-random fashion (Song et al., 2005), but another study on the same 
model system arrived at the opposite conclusion (Kalisman et al., 2005). 
The rules underlying the way in which excitatory and inhibitory cells are linked to each 
other, both within a small region of cortex like a barrel column and across cortical areas, are a 
question of paramount importance to neuroscience. The data in this study has revealed some 
of these rules, especially those determining the properties of synapses formed between 
different neuronal types. Much work still needs to be done to know which cells are connected 
and which not, and why this is so. An understanding of the brain will hopefully follow from 
an understanding of its constituent elements and the interactions between them. 
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5. Discussion 
 
The cortex is an amazing device. As with most devices, its workings are intimately linked 
with its structure. An understanding of the cortex can therefore stem from two approaches, 
one from observing its function and inferring the structure that causes it, and another from the 
analysis of its structure to reveal the computational possibilities it incorporates. To state it 
differently, if we are able to reverse engineer the cortex, an understanding of its structure 
should follow, and conversely, if we set about understanding neural function from first 
principles, mankind will have to start with resolving the structure of cortex. 
We seem no closer to being able to reverse engineer the brain today than we were a few 
decades ago, despite massive advances in artificial computation systems in this period. On 
the other hand, we know a great deal more about the cells and molecules that make up the 
nervous system with huge steps having been made in the uncovering of the genetic code, the 
description of ion channels, the mechanism of synaptic neurotransmission, and the imaging 
of the structure and function of intact brains. The smart money is on this approach, but 
massive gaps in our understanding still prevents the bridging the processes at sub-cellular and 
single-cell levels to those of networks comprising several cells. 
The computation performed by a set of interconnected neurons can presently be only 
guessed at from computer simulations and theoretical studies. This is largely because we do 
not understand the rules of wiring nerve cells. While we have some grasp on the diversity of 
neurons in cortex, in terms of both their structure and firing properties, we know little about 
how these cells link together. Put simply, we do not know who talks to whom in the cortex, 
and in what synaptic accent the communication takes place. 
This thesis has attempted to understand the circuit in layer 6 of cortex, using the rodent 
somatosensory system as a model. I have described the major cell types in this lamina from 
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both morphological and physiological perspectives, and also the physiological properties of 
the synapses that mediate the connections between these neurons. To summarise, at least two 
populations of excitatory and inhibitory neurons can be identified in this lamina, which are 
contrasted primarily by their axonal arbours. Neurons in these subgroups can also be 
distinguished by their physiological properties, which further underscores a separation of 
their functional roles. When a synapse is formed between an excitatory and an inhibitory 
neuron, in either direction, the properties of the synapse are determined based on the post-
synaptic neuronal type. In contrast, the properties of a synapse between two excitatory cells 
are dictated by the pre-synaptic neuron. It remains to be seen whether this is a general rule of 
connectivity in cortex. 
The architecture of layer 6 and its role in the processing of sensory information is now 
discussed in the context of my own findings. It is followed by a discussion on the two general 
problems of cortical connectivity, the addressing of which has formed a major part of this 
work, namely the constituent elements (neuronal types) of a cortical network and the rules 
that determine interactions within the network. These two problems in essence represent the 
major hurdles for neuroscience and will determine the course of research in this field in the 
years to come. 
  
5.1. The role of layer 6 in sensory processing 
 
Layer 6, in rodents, is the thickest lamina in primary sensory cortices; furthermore, it 
contains the largest number of neurons and the greatest diversity of neuronal types present in 
any cortical lamina (Tömböl, 1984; Beaulieu, 1993). However, this layer is also the least 
understood of all cortical laminae in terms of both, the cell types that inhabit this layer and 
their properties, and its functional role. With respect to the former, it has been known that the 
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cortical feedback to the thalamic projection nuclei arises mainly from neurons in this lamina 
(Gilbert and Kelly, 1975; Wise, 1975; Wise and Jones, 1977); these cells however form only 
half the total neuronal population of this layer (Katz, 1987; Zhang and Deschênes, 1997). 
With regard to the function of this lamina, only a preliminary understanding on the role of 
feedback in sensory computation exists. It is therefore valid to say that there is much to learn 
about this layer of neurons, and many potential insights to be gained from the study of this 
lamina into the nature of cortical computation in general. 
The seminal paper by Katz (1987) on the neurons in this layer of the primary visual cortex 
of cats came about as a result of recognising an advantage this lamina had for the study of 
cortical cell types. As Jack Pettigrew pointed out to Katz (personal communication), two 
projections were known to arise from L6, one targeting the thalamus and another the 
claustrum, the sources of which could be labelled specifically using retrogradely transported 
tracers. A similar approach was used in this work to understand the morphology and 
biophysics of the corticothalamic neurons in this lamina of the rat barrel cortex. This 
understanding of one cell population was used to outline the properties of the other major 
type of L6 neuron, the corticocortical cells. The correlation between morphological and 
physiological features of neurons was also used to delineate types of inhibitory neurons in 
L6. This knowledge of cell types in L6 was extended to understanding the network formed by 
these cells, and specifically the properties of synapses involved in the connections. 
Corticothalamic projections to the two principal thalamic nuclei involved in 
somatosensory relay, the VPm and Po nuclei, arise from a mainly non-overlapping set of L6 
neurons (Zhang and Deschênes, 1997). Corticocortical projections from L6, in the rat 
somatosensory system, predominantly target the primary motor and second somatosensory 
cortices (Zhang and Deschênes, 1997, 1998); these projections could also arise from unique 
cell types in L6, possibly the two types of CC neurons identified in this study. Therefore, 
including the cells projecting to the claustrum, which are about 5% of the L6 neurons, at least 
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five distinct excitatory cell populations could exist within this lamina. The understanding of 
the cell types in L6 and their interactions is therefore far from complete, but clear guidelines 
for further studies exist. The interactions between excitatory cell types in L6 have only been 
briefly studied, both in this study and others earlier, and must now be examined in the context 
of the multiple morphological and (presumably) functional cell types that are involved. 
With respect to the function of this lamina, the effect of cortical feedback on subcortical 
structures has been studied in different systems for many decades (Ogden, 1960; Waller and 
Feldman, 1967; Richard et al., 1975; Kayama et al., 1984; Ghazanfar et al., 2001; Xiao and 
Suga, 2002; Temereanca and Simons, 2004; Andolina et al., 2007; Li and Ebner, 2007); the 
clearest picture so far regarding the function of this feedback has emerged in the auditory 
system, where cortical neurons can affect structures as far upstream as the cochlear hair cells 
(reviewed in Suga and Ma, 2003). Common to all modalities, the topographic nature of the 
corticothalamic projections suggests an egocentric modulation of thalamic neurons, i.e. a 
modification in structures involved in their own input (Zhang et al., 1997; Andolina et al., 
2007; Li and Ebner, 2007). Such modifications include changes in the filter properties of 
thalamic neurons, which while potentially forming an essential component of sensory signal 
processing, could also form the basis of an attentional modulation of sensory processing that 
has been shown to take place in the thalamus as well as primary cortical structures (O'Connor 
et al., 2002). 
Fewer studies on the role of corticocortical projections have been conducted. In the cat 
visual system, CC projections from ‘higher’, motion-sensitive cortical regions were shown to 
contribute to the direction-selective properties of cells in area 18, a primary visual cortex 
(Galuske et al., 2002). Similar projections from the motor cortex in the rat somatosensory 
system affect the responses of CT neurons to sensory stimulation (Veinante and Deschênes, 
2003; Lee and Simons, 2005). The motor state of the whisker sensory system has been shown 
to be highly relevant to the manner in which incoming sensory signals are processed 
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(Kleinfeld et al., 2006); these projections could form the basis of such ‘active sensation’. The 
functional role of the CC fibres originating from L6 of primary sensory cortices is however 
not known, but reciprocal interactions with motor neurons could be imagined, with the result 
of simultaneous motor and sensory activity also relayed to the second somatosensory area. 
Therefore, as mentioned by Zhang and Deschênes (1997), layer 6 appears “as a merging 
network for corticothalamic and corticocortical communications.” This study has provided 
the neuronal framework for this merging. The cell types involved in the two functions are 
unique, but interact with each other in the manner described in this study. The output from 
L6, whether to the thalamus or to higher cortical areas, is therefore likely to include aspects 
of both communication channels. 
Beside their projections to the thalamus and other cortical regions, a third prominent 
feature of L6 neurons is their projection to L4, which arises from the CT cells. There are 
intriguing similarities in the terminations formed by CT neurons in L4 and in thalamic nuclei. 
From a numerical perspective, both projections form the largest source of excitatory synapses 
on their target neurons: spiny stellate cells in L4 and thalamic relay neurons, respectively 
(Ahmed et al., 1994; Eri"ir et al., 1997). From a physiological perspective, both synapses 
show a short-term facilitation of the response amplitude in response to paired-pulse stimuli 
(Stratford et al., 1996; von Krosigk et al., 1999; Reichova and Sherman, 2004). CT synapses 
in the thalamus involve both ionotropic (NMDA and AMPA) and metabotropic glutamate 
receptors (McCormick and von Krosigk, 1992; Salt and Eaton, 1996; Turner and Salt, 1999; 
von Krosigk et al., 1999); such data does not exist for synapses formed by CT cells onto L4 
neurons. In light of the other parallels that exist between the two terminations, the synapses in 
L4 are likely to involve the same complement of glutamate receptors as on thalamic cells. 
The commonalities in the organisation of the L6 projections to the thalamus and L4 imply 
that the same signal is transmitted to both structures. The effects on both structures are also 
likely to be comparable, though no evidence for this exists yet. The projection to L4 could 
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therefore be considered an ‘efference copy’ of the CT projection, and an understanding of the 
information that is relayed to the thalamus could in turn lead to an understanding of the effect 
of L6 on L4. Figure 5.1 illustrates such a scheme and the place of L6 in the thalamocortical 
loop. The question now is what is this signal that requires to be paralleled at two consecutive 
stages of sensory processing? 
 
 
Figure 5.1: Schematic of the 
role of L6 in information relay 
The thalamocortical loop consists of 
the feedforward relay of sensory 
information from the thalamus to L4 
and is completed by the cortical 
feedback from L6 to the thalamus. 
The projection to L4 via CT neurons 
appears to be a copy of the signal 
sent to the thalamus. Corticocortical 
projections are shown in green and 
those of corticothalamic cells in red. 
  
 
In the context of the rat whisker system, motor signals conveying the position and phase of 
the whisking movements are relayed to the somatosensory thalamic nuclei (Ahissar et al., 
1997), a signal that is probably transmitted via somatosensory L6 (Veinante and Deschênes, 
2003; Hentschke et al., 2005). Ahissar et al. (1997) therefore propose that thalamic neurons 
act as ‘phase comparators’, matching sensory signals to that of the expectation signal arriving 
from the motor cortex. However, the afferent sources to L6 are diverse, both across cortical 
areas (Zhang and Deschênes, 1998), and within the same cortical region (Binzegger et al., 
2004). This implies that other signals are also likely routed via this layer to the thalamus. In 
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line with the relay of diverse signals via the CT projection, the responses of thalamic neurons 
to multiple sensory parameters have been shown to be modulated via this projection; in the 
rodent whisker system these include spatial and angular tuning and the plasticity of spatial 
receptive fields (Krupa et al., 1999; Ghazanfar et al., 2001; Temereanca and Simons, 2004; Li 
and Ebner, 2007); a similar multiparametric corticofugal modulation is also observed in the 
auditory system of bats (Suga and Ma, 2003). 
The reason for the relay of an efference copy of the CT signal to L4 would need to be 
explored from the point of view of a control system. Essentially, this schematic suggests that 
the modifications induced in the structure providing the input are also induced in the structure 
receiving and processing this input. Such simultaneous and similar modifications suggest that 
the CT cells relay a global state setting to the two structures involved in primary sensory 
computation: the thalamic relay nuclei and cortical L4. 
The temporal constraints in the CT projection further support the relay of such a global 
signal. As mentioned before, the terminations of L6 CT neurons in the thalamus and in L4 are 
numerous and involve thin, slowly conducting axonal fibres; the synapses formed are 
physiologically unreliable and show paired-pulse facilitation, and are mediated (in case of the 
thalamic terminations) by NMDA and metabotropic glutamate receptors. The signals relayed 
by these projections are therefore likely to be low-pass filtered, unable to match the high 
frequencies (~1kHz) at which sensory signals are relayed in the afferents to the cortex 
(Deschênes et al., 2003). Filter properties of thalamic neurons are therefore unlikely to be 
modulated in time-scales at which sensory signals are transmitted, but rather at the time-
scales at which the state of the sensory system is set, e.g. a shift from passive to active 
whisking results in a change of cortical neuronal response patterns in about 100ms 
(Hentschke et al., 2005). 
Despite the ‘modulator’-like temporal features of the CT connection, which argues for the 
thalamus being a state-dependent gateway, the organisation of CT terminations shows a high 
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degree of anatomical (Usrey and Fitzpatrick, 1996; Zhang and Deschênes, 1997; Deschênes 
et al., 1998) and/or functional specificity (Temereanca and Simons, 2004; Wang et al., 2006). 
Furthermore, changes in tuning to specific sensory parameters can be observed in the 
thalamus, e.g. spatial and angular tuning in the somatosensory whisker system (Li and Ebner, 
2007) and frequency, amplitude and disparity tuning in the auditory system (Suga and Ma, 
2003); it is however unknown whether the modulation of specific sensory parameters are 
mediated via different sets of CT neurons. Taken together, specificity in the projections and 
in the parameters that are modulated suggests that the CT projection is a highly precise 
feedback control system, and unlike the diffuse brainstem arousal mechanism. 
What is the nature of this feedback? One candidate signal mentioned above is the motor 
information of whisker phase and position. Selective attention is another candidate signal that 
could be mediated via such specific modulation of thalamic responses. Evidence for both 
motor and attentional effects in the thalamus exist (Ahissar et al., 1997; O'Connor et al., 
2002; Kleinfeld et al., 2006). Layer 6 of primary sensory cortices is the site for the 
coordination of such exquisite control over the transmission of sensory transmission. The 
nature of sensorimotor integration and attentional control, at least in the whisker 
somatosensory system, could be addressed by future work on this lamina. A recent study has 
revealed the genetic expression pattern of CT neurons in the mouse somatosensory cortex 
(Sugino et al., 2006). This sets the stage for the selective manipulation of the CT projection 
and exploring its effects on sensory processing; the cells and networks described in this work 
can form the framework for these future studies. 
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5.2. Neuronal diversity and classification strategies 
 
There are two primary neuronal types in any nervous system: excitatory and inhibitory. 
Among these two basic cell types however, a wide variety of molecular, morphological and 
physiological subtypes exist. Heterogeneity in neuronal types has theoretically been shown to 
result in a greater information capacity in the network (Shamir and Sompolinsky, 2006), but 
it has been the bane of neuroscientists trying to identify these neurons in the attempt to 
understand the structure and function of cortex. 
 The estimates of the number of different cell types in cortex are in the order of 1,000 
(Stevens, 1998; Masland, 2004), an estimate based on the approximately 60 neuronal types 
identified in the mammalian retina (MacNeil and Masland, 1998; Masland, 2004). Baumgardt 
et al. (2007), in a recent study on the origin of such diversity, mention that mammalian 
nervous systems may contain as many as 10,000 neuronal types, which outnumbers the 
number of regulatory genes in many species. They demonstrate, in a subset of ventral nerve 
cord neurons of the drosophila, that such diversity is achieved using a combinatorial code 
expressed by regulatory genes. Irrespective of the exact number, it is generally well accepted 
that there cannot be one gene regulating the expression of each neuronal type in cortex 
(Nelson et al., 2006); the combinatorial code that determines the place, structure and function 
of each neuronal type is an active area of research. 
The essay by Masland (2004) outlines some of the problems faced in the identification of 
neuronal classes and types. The goal, he states, is “to single out a group of neurons that carry 
out a distinct task,” and the fundamental premise made is this endeavour is that a unique 
structure indicates a unique function; the term ‘structure’ includes the morphology of the 
neurons and the expression of molecules important for their function. This approach has led 
to the definition of the neuronal complement of the mammalian retina (Masland, 2001), and 
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to a further understanding of the inhibitory cell types in the hippocampus (Parra et al., 1998; 
Dumitriu et al., 2007). 
The latter two studies particularly emphasise the importance of using neuronal structure, 
specifically the axonal ramification patterns, in the identification of discrete types of 
inhibitory neurons in the hippocampus. Similar studies in the cortex, while technically 
feasible, face greater difficulties due to the absence of a (or as yet unknown) regular pattern 
of distribution of cells with respect to cortical space, and, unlike the retina and cerebellum, 
extensive 3-D structures that are not easily recovered in their entirety by most experimental 
methods used. The identification of neuronal types by a unique combinatorial expression of 
regulatory markers will help such attempts at classification (Arlotta et al., 2005; Sugino et al., 
2006; Baumgardt et al., 2007). 
The scope of such endeavours is however debatable. In a recent review on the issue of 
identifying neuronal cell types by Nelson and colleagues (2006), the authors outline two 
experimental problems, the solving of which they consider paramount in the quest for 
“circuit-level substrates of cognition” in the brain. These are, 1) the identification of cell 
types in an easy, reliable and objective manner, and 2) the ability to manipulate the function 
of these neurons selectively and flexibly. The importance of the task of identification and 
classification they say “lies less in the biological insights implicit in the classification than in 
the enabling of multiple investigators to refer unambiguously to the same neurons.” 
While there are obvious advantages to the rapid and reliable identification of cell types by 
their genetic expression profiles, two problems can be identified in general. Firstly, this task 
is immense in scope and fraught with difficulty. Secondly, these aims ignore role of the 
complex architecture of the network formed by the rich dendritic and axonal ramifications of 
neurons, the multitudes of different wiring possibilities, and the variations in synaptic 
properties when connections are formed between neurons. Both these issues are elaborated on 
briefly below. 
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The axonal and dendritic structure of cells, coupled with their firing patterns, are arguably 
the most definitive parameters for classifying neurons. It has been shown that neurons 
classified by these parameters express unique combinations of proteins (Toledo-Rodriguez et 
al., 2004; Arlotta et al., 2005; Sugino et al., 2006). However, the task in reverse, i.e. the 
identification of combinations of regulatory genes and molecules that identify each neuronal 
type in the mammalian cortex and the association of such an identity to the morphology and 
physiology of the neuron is an enormous task. Each element of this approach, i.e. the 
identification of specific expression profiles and using them to label unique neuronal types, 
the subsequent recovery and reconstruction of the complete dendritic and axonal structure of 
a large number of cells of each type and finally recording their physiological properties 
requires extensive human and technical effort, with a minimal role for automation. 
The rewards of this endeavour, which will take many man-years to accomplish, must be 
assessed in detail, since just like the identity of each neuron is specified by a combination of 
genes, the function of a network is specified by the properties of more than one neuron and 
synapse. The manipulation of one neuronal type, as suggested by Nelson et al. (2006), may 
not therefore lead to an understanding of the computation performed by a network 
comprising various types. The code at both single-cell and network levels is combinatorial, 
and must therefore be explored in a relevant manner; the interactions known to take place 
between genes to determine the fate of a cell is analogous to the interactions between 
different neuronal types in determining cortical function. 
An understanding of the role of each neuron in the network must therefore parallel the 
elucidation of neuronal types. As both my study and others before have shown, the properties 
of the connection formed between two neurons depends on the identity of cells involved 
(Stratford et al., 1996; Markram et al., 1998; Reyes et al., 1998; Kapfer et al., 2007; 
Silberberg and Markram, 2007); these properties potentially play a vital role in the output of 
a network. While we already know a great deal about the neuronal types in cortex, their 
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structure and physiology, the greatest lacuna, in both our understanding of cortical networks 
and the models simulating them, lies in the manner in which these cells are linked together. 
This, in my opinion, is where a major effort is imperative. 
 
5.3. Connectivity rules 
 
There are two basic issues to be addressed in how neurons are connected to each other. 
One, are the numbers of synaptic connections formed between neurons of any given type 
specified or randomly determined, and second, do the properties of the synapses formed, 
irrespective of their numbers, depend on the types of neurons that are connected? If the 
answer to both questions is ‘yes’, then how is this specificity achieved, and how is it 
implemented? 
The first issue is centres around Peters’ rule. This is the interpretation of Braitenberg and 
Schüz (1991) of the observations of Peters and Feldman (1976) in the latters’ study on 
thalamocortical axonal terminations in the rat visual cortex. Peters and Feldman reported that 
the distribution of labelled thalamocortical axon terminals was similar to that of all 
asymmetric synapses in the neuropil, leading to the possibility that “although thalamocortical 
afferents terminate principally in layer IV, their distribution with respect to post-synaptic 
targets may be essentially random, in the sense that no specific types of neurons receive the 
efferents.” In its generalised form, the rule supposes that the proportion of synapses formed 
between a pre-synaptic axon and a post-synaptic soma/dendrite would reflect the proportion 
of these elements in the neuropil. 
The challenges to this supposition of random connectivity arises mainly from the work of 
White and colleagues (Hersch and White, 1981b, 1982; White and Hersch, 1982; White and 
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Keller, 1987; Keller and White, 1989), who observe, in the mouse somatosensory cortex, that 
different neurons in the same cortical region receive differing numbers of thalamocortical 
synapses; the number of such synapses range from 1 to 21% of all excitatory synapses that 
each neuron receives. These studies and the emerging picture of specificity in cortical 
connectivity are summarised in a recent review (White, 2006). A similar view is stated in 
stronger terms by Szentagothai (1990) who concludes his analysis of neuronal connectivity in 
cortex by stating “any attempt to interpret neuronal connectivity purely in terms of 
probabilities arising from mutual geometric relations between terminal axonal and dendritic 
plexus must be doomed to failure.” 
A lot of evidence for specificity in neuronal connections arises from the axons of 
interneurons. These cells can be subdivided into soma-targeting, dendrite-targeting and axon-
targeting neurons, with basket cells, Martinotti cells and chandelier cells being classical 
examples of the respective type (Markram et al., 2004). Each neuron forms the majority of its 
synapses on a particular region of the post-synaptic neuron; the chandelier cell, for example, 
forms all of its synapses on axon initial segments of pyramidal neurons (Somogyi, 1977). 
Similar differences are observed in the targeting of excitatory axons; thalamocortical and 
spiny stellate axons preferentially form synapses on dendritic spines while those of L6 cells 
target dendritic shafts (Ahmed et al., 1994). 
While these observations were made at the ultrastructural level, evidence for specificity in 
synapse formation also comes from experiments at larger scale. In series of experiments 
conducted by Callaway and colleagues (Dantzker and Callaway, 2000; Briggs and Callaway, 
2001; Callaway, 2002; Zarrinpar and Callaway, 2006) they mapped the intracortical sources 
of excitation arriving onto single cells of different types in the same region of cortex. The 
common conclusion from these experiments, conducted in a variety of laminae, cortical 
regions and species, was that neighbouring neurons of different types have differing sources 
of excitatory input, which do not depend simply upon the architecture of their dendritic trees. 
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Such examples of specificities in synapse formation are encountered in all cortical regions 
and all species tested. However, it is yet unknown how it arises. It is especially not clear 
whether the specificity arises from genetic programming or as the result of a competition that 
maintains some connections while eliminating others, or due to interplay between both these 
mechanisms. Ultimately, it is not known whether these examples are the exceptions or the 
rule and, in case of the latter, how many such rules exist for the wiring of cortex. 
As in the case of neuronal diversity, it is inconceivable, given the multitudes of neuronal 
types, to have genetically determined rules for linking each of them. Analogous to the 
combinatorial genetic coding of neuronal fate, the programming of neuronal interaction, if 
any, must be implemented in a similar manner. But unlike that process, synaptic connections 
are also known to be influenced by interactions between neurons (Lendvai et al., 2000; 
Trachtenberg et al., 2002; Zito and Svoboda, 2002; Whitlock et al., 2006), a phenomenon that 
is thought to underlie both the development of cortex and learning and memory in the mature 
brain. We have not yet begun to understand the processes, which are likely to be many and 
with numerous interactions, that determine synapse and network formation in the nervous 
system. 
Though the rules underlying the formation of synaptic connections (or a lack thereof) are 
far from understood, there are growing reports on the characteristic properties of synapses 
that mediate connections between specific neuronal types. Beginning with the studies on 
invertebrates (Atwood and Bittner, 1971; Frank, 1973; Muller and Nicholls, 1974), many 
studies in the mammalian cortex have since demonstrated differences in synaptic physiology 
based on the type of pre- (Stratford et al., 1996; Beierlein and Connors, 2002; Mercer et al., 
2005) or post-synaptic neuron (Markram et al., 1998; Reyes et al., 1998; Cruikshank et al., 
2007; Kapfer et al., 2007), or both (Cowan and Stricker, 2004). The rules governing neuronal 
interactions within L6 of the rat barrel cortex were elaborated in this thesis. 
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These rules, while no less important that those governing the number of synapses formed 
between specific neuronal types, are more tractable with the techniques available presently. 
Therefore, while it is unknown whether specific rules determine the formation of connections 
between neurons, it would be prudent to investigate the manner in which the properties of 
synapses formed between two cell types are set. The strength, reliability and dynamics of 
synaptic connections are set by these rules, which provide valuable insights into the 
functioning of a neuronal network. For example, the differences between the synapses 
formed by thalamic neurons onto excitatory and inhibitory cortical neurons reveal the 
importance given to fast and efficient recruiting of inhibitory cells by thalamocortical axons 
(Freund et al., 1985b; Buhl et al., 1997; Cruikshank et al., 2007); differences in the manner in 
which fast- and regular-spiking interneurons are activated could recruit two separate 
inhibitory processes at different times (Reyes et al., 1998; Kapfer et al., 2007). This study has 
shown that similar rules exist in L6 for the recruitment of discrete inhibitory neuronal types. I 
further demonstrated that excitatory neurons of specific types show different responses to 
inhibitory activity, implying a differential response to inhibitory activity depending on the 
role played by each excitatory cell type in sensory processing. 
The understanding of the organisation of any network in cortex will ultimately require the 
knowledge of both, the number of synapses formed between cells of any given type, and the 
properties of these synapses. A clear definition of all the cell types involved in the network is 
essential for the description of the network, but it is the manner in which they interact that 
defines the functional role of the network. Experiments that aim to address the function of a 
network of neurons must therefore simultaneously address these issues. 
Practically, the identity of a neuron can be established by obtaining detailed 
morphological, biochemical or biophysical data from the cell; some of these techniques can 
even be used to provide a high-throughput analysis of cell type. Information on the synaptic 
interaction between neurons can presently be obtained mainly from in vitro experiments of 
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the type conducted in this study; this is presently the bottleneck in the analysis of neuronal 
networks. However, if basic rules of connectivity like those revealed in this study can be 
identified, they can be used to explore further properties of networks in realistic computer 
simulations. The exploration of the structure and function of neuronal circuits is therefore a 
problem to be addressed at multiple levels and requires a corresponding multi-pronged 
approach. 
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5.4. Conclusion 
 
A number of studies on the function of the cortex have considered it as a ‘black box’, with 
the nature of the input-output transformation providing the basis for understanding the 
structure that causes it. This work and other similar studies aim to unravel the circuit that 
results in this transformation. 
In this thesis I have elaborated on the organisation of the network in layer 6 of the barrel 
cortex of rats. Layer 6 forms a crucial link in the processing of sensory information since it is 
in the position to modify the responses of basic sensory relay cells in the thalamus and their 
recipient neurons in cortical layer 4; layer 6 can therefore be viewed as the mediator of 
corticofugal modulation of sensory information. 
How layer 6 performs this modulation can be studied by understanding 1) the input to this 
layer, 2) the integration and processing of this input by the network of neurons in this lamina, 
and 3) the targets of its output. There exists to date significant information about the latter 
two aspects of the network in L6; the description in this thesis of the cell types in this lamina, 
their morphological and physiological properties and their synaptic interactions form the 
basis of information processing in this layer. The major lacuna presently lies in the nature of 
the signals that arrive at L6: this lamina receives information from a diverse set of cortical 
and subcortical sources. It is hoped that future studies address this issue so that we can finally 
answer the long-standing question as to the role of the corticothalamic feedback in sensory 
processing. 
From the perspective of cortical circuits in general, this work has identified some basic 
rules of interaction between diverse excitatory and inhibitory neurons that reside in the same 
lamina and form parts of same network. The post-synaptic cell determines the properties of 
synapses involved in both the excitation of inhibitory neurons and conversely, the inhibition 
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of excitatory neurons. Such an organisation presumably allows for the differential activation 
of functionally differing cell types that share the same input. These and other properties of 
networks organised such a manner can be explored in simulations of the kind elaborated in 
section 4.5 of this thesis. 
It is the excitatory neurons that project long distances and link different regions of the 
brain. The nature of these excitatory links determines the manner in which information is 
relayed across cortex and must form the basis of cortical function; preliminary data on this 
aspect of the L6 network was provided in this work. It is however hoped that insights gained 
in this study into the types of excitatory neurons in L6 will guide further study into their 
properties and interconnections. This layer provides a unique opportunity to study the 
merging of cortical and subcortical information and an understanding of this merging is 
tantalisingly close. 
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